J.L.SNOEK

NEW DEVELOPMENTS IN
FERROMAGNETIC MATERIALS












NEW DEVELOPMENTS IN
FERROMAGNETIC MATERIALS

with introductory chapters on the statics
and the dynamics of ferromagnetism

BY

J. L. SNOEK

NATUURKUNDIG LABORATORIUM DER N.V. PHILIPS' GLOEILAMPEN-
FABRIEKEN EINDHOVEN-HOLLAND

SECOND REVISED AND ENLARGED EDITION

ELSEVIER PUBLISHING COMPANY, INC.

NEW YORK AMSTERDAM
LONDON W BRUSSELS

1949



SOLE DISTRIBUTORS FOR THE U.S.A. AND CANADA:
ELSEVIER BOOK COMPANY, INC., 21§, FOURTH
AVENUE, NEW YORK. -FOR THE BRITISH EMPIRE,
EXCEPT CANADA: CLEAVER HUME PRESS LTD., 42a
SOUTH AUDLEY STREET, LONDON, W.I,

PRINTED IN THE NETHEKRLANDS BY
KOCH EN KNUTTIL
GOUDA



CONTENTS

INTRODUCTION .

I

II.

STATICS OF FERROMAGNETISM

c:'m.u:..:lc_—

~1
.

10.

The general theory of ferromagnetic hysteresis
The inclusion model .

The stress model . :
Hysteresis at low values of the mductwn .
Rayleigh’s relations Ce e e
Zcro lines of crystal amsotropy and magneto-
striction in ternary systems

Permeability and coercive force of the cublc
ferromagnetic oxides

. I'ej0, at low temperatures .
. Effect of cold rolling on the propﬁrtles of allow

of nickel and iron . . . .
Some considerations on :1110\s of hwh maqnetlc
strength

DYNAMICS OF FERROMAGNETISM

11.

12.

4

14.
15.

16.
17.

18.

19.

(),

Lddy-current prublems in ferromagnetics with
demagnetization } ) -
Magnetic skin effect of a fenrumagnetlc q])ller(
After cffect .

Disacccomodation (D. A )

Disacconiodation and magnetic aftel effect in a
iron (ionic after effect)

Llastic after effect in «iron . .o
A new type -of . ~\ and M.A. in ferronmgneuc
nonmetals .

Magnetic after effect at lugher frequencms (hf
M.A)). (clectronic after effect) . :
The experiments of SixTus and TONKs on larqe
BARKHAUSEN discontinuities

Theory of h.f. M.A. (spin-spin |cl¢1xatum)

6
10
11
13

11

29
31
37
41

42
46

BY |

B3}

63



VIII CONTENTS

III. DEVELOPMENT OF MAGNETIC MATERIALS
21. Non metals versus metals in ferromagnetism. 68

22. The cubic ferrites . . . . . . . . .. ... 69
23. Constants characterizing the core material
“fertoxcube” . . . . . .. ... .. ... T
24. Cu Zn ferrite (ferroxcube 1) . . . . . . . . 77
25. Mg Zn ferrite (ferroxcube 2) . . . . . . . . 87
26. Mn Zn ferrite (ferroxcube 3) . . . . . . . . 91
27. Ni Zn ferrite (ferroxcube 4) . . . . . . . . 9%
28. Zinc ferrite . . . . . . . . .. .. ... . W
29. Fe-Al-C magnet steel . . . . . . . . .. . 99
30. IFe-Co-Ni- Al magnet steel . . . . . . . . .. 102

APPENDIX 1. The inclusion model of ferromagnetic hy-

steresis . . . . . . . . . . .. .. .. 106
APPENDIX II. The influence of eddy-currents on the appa-

rent hysteresis loop of ferromagnetic bars 109
APPENDIX III. On the decarburization of steel and related

questions . . . . . . . . . . . . ... 120
APPENDIX IV. On the theory of elastic after affect in iron 131
ApPENDIX V. Shape of a Bloch zone exposed to the action

of an external field H, and kept in position

by freezing in certain spins . . . . . . 134

NOTES ADDED TO THE SECOND EDITION . . . . . . . . 137



INTRODUCTION

There can be little doubt that the theory of ferromagnetic
hysteresis in its present form — especially after the most
useful extension given to it by M. KERSTEN — covers a wide
field and is essentially correct. It is based on the two conceptions
crystal anisotropy and magnetostriction and its principles are
outlined in BECKER and DGoRING’S well known book on-the
subject.

Starting from these principles we have made an attempt
to explain more fully the magnitude of the quadratic term
in the Rayleigh relation, which has such important bearings
on the hysteresis properties of materials used for communi-
cation purposes (c.f. §§ 1—5 and §§ 23—26).

Especially high values for yo, the initial permeability, and
low values for H,, the coercive force, may be expected, when
both the crystal anisotropy and the magnetostriction are zero.
In binary systems the exact coincidence of two ,,zero points”
for these quantities will seldom occur. In ternary systems the
‘“‘zero points’’ developinto ‘‘zerolines’” and there is a possibility,
that such lines intersect.

At the point of intersection we expect to find an
alloy with high uy and low H,. Conversely if in a given ternary
system the zero lines do not intersect, no exceptional proper-
ties are to be expected in any part of this system. By pursuing
the course of the zero lines in all ternary systems consisting
of metals, which are commercially available, J. J. WENT of this
laboratory has aimed at obtaining a complete survey of the
practical possibilities in this field. His interesting findings are
briefly given in § 6; they have led to the discovery of a new
alloy of the permalloy type (nickel manganese).

In BECKER's theory only two types of anisotropy are recog-
nized, the one present in unstrained crystals and having the
symmetry of the crystal and the other type which bears the
symmetry of the elastic stress.

Research 19--1
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It is questionable, whether all possibilities have been ex-
hausted in this way. In § 8 and 9 two cases of anisotropy
will be recorded, which are not covered by either of the
two conceptions used in the current theory. In the first case
— Fey0, at low temperatures — the observed uniaxial ani-
sotropy is most probably due to the 3 d-electrons assuming
ordered positions in the lattice. In the second case (cold-
rolled strips of nickel iron single crystals) the outward cause
of the observed anisotropy, which is again ot the uniaxial
type, evidently is a plastic deformation, but it is not yet
certain, whether the ions or the electrons (probably again by
assuming ordered positions) are in the main responsible for
the effect.

So much for substances which are on the whole to be
considered as magnetically weak. When considering alloys with
a high coercive force — such as FeNiAl, to take one of the
technically most important alloys — 1t is likewise an open
question whether the high magnetic strength can be accounted
for by internal stresses alone (§ 10).

On account of the element “time’ playing only a very
subordinate role in hysteresis phenomena we have treated these
subjects under the heading of statics of ferromagnetism.

Under the heading of dynamics of ferromagnetism resort
a. the influence of eddy currents on the magnetization process.
b. the various forms of magnetic after effect. To this may

be added:
¢. a phenomenon indicated by English scientists by the term

‘““time decrease of permeability’’. (The French use the term

“vieillissement réversible’’). BECKER and DORING in recog-

nition of the fact that a close connection ot this effect with

magnetic after effect was found by us to exist (Physica 1938,

p. 663), propose the name: ‘‘after effect of the permeability .

Its main features are a sharp rise in the initial permeability

each time the sample is exposed to a change in the magnetic

field, followed by a gradual and continuous decrease with
time. In this book the name ‘disaccommodation’ will be

used and occasionally shortened to D.A.

The phenomena mentioned under a seem to touch a rather
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well studied and threadbare subject. It will be shown, that
this is not the case and that unexpected phenomena, due to
cddy currents, may arise in ferromagnetics showing demag-
netization (§ 11and ApPENDIX II.)

By far the greatest part of our attention will however be
paid to the study of the magnetic after effect (occasionally
shortened to M.A.), disaccomodation (D.A.), and to elastic
after effect (occasionally shortened to E.A.).

Our researches in this field were started by the discovery
in 1938, that well annealed samples of pure iron containing
about a hundredth of one percent by weight of carbon or
nitrogen display strong M.A., as well as D.A. and E.A.

The elastic effect is at the root of the magnetic phenomena.
In 1938 we showed the connection between the three phe-
nomena.

Part of our time during the war has been spent in testing
in various ways the validity ot the theoretical ideas developed
at that time and shortly afterwards. A short note (§ 15) shows,
that a supposed lack of harmony between the magnitude of
the magnetic after effect and the elastic after effect does not
exist and that our explanation of the magnetic effect in terms
of magnetostrictive stresses leaves no shadow of doubt.

I.. J. D1JKsTRA of this laboratory made more detailed ex-
periments on the elastic after-effect. Single crystals of *‘Armco”
iron produced by the method of critical stress were among
the -materials studied. It was found that the phenomenon is
strongly anisotropic as predicted.

Also the relation between the magnitude of the effect and
the latuice constants of tetragonal martensite was put to a
test and a satisfactory agreement between theory and experi-
ment obtained.

D. PoLpER of this laboratory has put the theory into a
more rigorous mathematical form. His results are found to
be identical with those obtained by the author in 1940. It
thus seems to be quite certain, that the after-effects are produced
by the migration of ions of carbon and nitrogen in the lattice
to and from certain places, the occupation of which produces
a non spherical distortion of the lattice. In view of these
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facts we propose to adopt in this book the name ionic after-
¢ffect for this class of phenomena.

Magnetic after-effect at higher frequencies (h.f. M.A.) has
been studied occasionally on metals but so far little definitc
result has been obtained. The effect is of course intricatelyv
mixed up with eddy currents. Efforts to use the electric skin
effect as a means of obtaining information on the magnetic
properties at high frequencies are hampered by the fact, that
the flux only enters an extremely thin surface layer of the
material, where conditions may differ appreciably from thosc
prevailing in the interior.

In this book a new approach to the problem is made. Part
of the experiments relate to metals and form a continuation
of work already reported in Physica 7 (1940) 515. We suc-
ceeded in obtaining direct confirmationforouranticipation,that
very pure and well annéaled iron shows a strong M.A. of the
high trequency type at frequencies of the order of 1 k(/sec.
This work gave a first indication of the fact that high values of u,
lead to increased relaxation times, which was repeatedly
verified afterwards and theoretically accounted for later on.

A major impulse was however derived from the study of ceriain
new materials already begun in 1933, which are non-metals (oxides)
and have values of the specific electric resistance ranging from
10-2 to 10+7 ohm. cm. Eddy current effects in many samples
of these ‘“ferrites” are practically absent till frequencies of
1000 kC and higher.

These ferrites have the crystal structure of the well known
mineral spinel (MgAl.0,) and are therefore cubic, a feature
allowing them in principle to develop high values for u, after
slow cooling from high temperatures similar to many cubic
ferromagnetic metal alloys.

They are isomorphous with the well-known oxide of iron
Fe,0,, magnetite or ferrous ferrite as it may be called. They
may be :onsidered tobe derived from f:rrous ferrite by replacing
the terrous ion by another bivalent ion M of about the
same size (Mg, Zn, Ni, Mn, Co). The general formula thus
is: MO . I'e,0,.

In Chapter IIT the ferrites arc discussed from a technical
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point of view and their importance for high frequency work
is pointed out. Numerous applications of these magnetic
oxides are possible in radio and telephony.

The combined evidence obtained on non metals and on
metals has led to a theory of the high frequency after-
cffects, the outlines of which are given in § 18. The term
electronic after-effect has provisionally been adopted for this
class of phenomena for reasons which are stated in the
book. The testing ot our ideas on the subject will no doubt
take a long time and 1t is the hope of the author, that this
task will be shared by other workers in the field. Much of
what has been said in § 20 will sound premature to many
readers and as yet not sufficiently founded upon facts. It is
hoped however, that at least the heuristic value of the ideas
cxposed here will prove worth while and give a further impulse
to the study of the transition metals and their oxides and
perhaps to the study of the properties of solid substances in
general.

As indicated by the title, this book though treating ferro-
magnetic materials is not meant to give in the first place a
comprehensive survey of the whole field. Primarily it is intended
as a report on our researches during the war under conditions
which became gradually harder and in an atmosphere ill
suited to the development of scientific thought.



I. STATICS OF FERROMAGNETISM

§ 1. THE GENERAL THEORY OF FERROMAGNETIC HYSTERESIS

The phenomenological theory ! of hysteresis starts from
the empirical fact, that in almost every ferromagnetic material
there is a certain interaction between the spins and the lattice,
as a result of which certain “preferred directions’” for the
direction of magnetization arise. The work required to turn
the spins in one-cm?® of the substance from the direction of
minimum energy to the direction of maximum energy will be
called the anisotropy energy of the substance and indicated by
the symbol E 4. It is not to be confounded with the inferaction
energy Ej, which measures the energy required to bring one
cm?® of the substance from the ferromagnetic into the para-
magnetic state. For reasons of simplicity each point of the ion
lattice is supposed to be the seat of one elementarv spin. The
lattice is assumed to be cubic and to have a lattice constant a.

As shown by F. BLOCH the existence of an energy E 4 different
from zero leads under certain conditions to the formation of
zones — the so-called Bloch zones — in which the direction
of magnetization varies from one direction of minimum energy
to another. The zone has a thickness given by

d=a Es (n
E4
and is the seat of a surface energy, the magnitude of which
per cm? is given by

y=2Eq4.0=2a+/E1.E4 (2)

To find the total surface energy E, of a given zone we have
to multiply ¢ by a factor O,.. indicating the active surface of
the zone, so that

U Cf. R. BECKER AXD 'W. DoOrING'sS book ‘“‘Ierremaguetism’,
Berlin 1939, in the following cited as B. and D.
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Eg=1y.04:. (3)

As pointed out by KERSTEN ! it is important to remember
that O,e¢ may be smaller than the true surface of the zone,
especially if the material contains holes or unmagnetic
inclusions, because places where the zone cuts an inclusion
are not the seat of a surface energy such as indicated above.

In the course of the past ten years it has become increasingly
evident that hysteresis is due to strong local variations in the
surface-energy stored in the Bloch zones. For instance the
specific energy y may show local variations due to the presence
of internal strains, influencing the value of Eg4.

E 4 is usually looked upon as consisting of two terms, a
term E, the so called crystal anisotropy, which is characte-
ristic of the undeformed crystal, and a term Ao, the stress
anisotropy (o the stress, 4 the magnetostriction constant). E,
in a homogeneous material i< a constant and so does not con-
tribute to variations in y.

A variation Ao of about 5 kg/mm? in the internal stress must
be considered to be present inside everv commercial iron alloy
in the annealed state. These stresses can be made ‘inactive’
only by choosing a material for wich 4 is very small. Positive
as well as negative values of 4 occur in both crystal lattices,
which are important for ferromagnetism (the cubic body
centered and the cubic face centered lattice) and mixed crystal
formation takes place to a large extent between metals having
the same lattice type. It is therefore possible in principle to
make A zero by choosing a suitable proportion of materials with
a positive 4 and a negative 4 respectively. For non-metals
(ferrites) the same reasoning has been found to be applicable.

As pointed out by KERSTEN not only y, but also Oyt may
show local variations as a result of the presence of unmagnetic
(or weakly magnetic) inclusions. Imagine these inclusions to
be little spheres, placed on the points of a simple cubic lattice

! M. KERSTEN, Phys. Z., 44 (1943) 63, and from thc¢ same
author: ,,Grundlagen eincr Theorie der ferromagnetischen Hys-
terese und der Koerzitivkraft, Leipzig 1943, in the following cited
as “‘Grundlagen’:.
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of parameter s; it is easily shown, that
d ( 6 )1/3 X
—=(—=) a'ls

s n
where a is the (volume) percentage of the minor constituent,
and d the diameter of the (spherical) inclusions. In technical
materials a may vary between 10-3 and 104 and d/s is thus
found to be of the order 0.1. The quantity d/s will return in
our discussion more than once.

Even without any calculations it will be clear that variations
in O,c¢ Will be just as effective in causing hysteresis as variations
in p, even if the effect of stresses is eliminated by choosing
A small, for as seen above E{ does not only contain the
term A .o, but also the (constant) term E,, the crystal aniso-
tropy. Only by choosing E, zero simultaneously with 4, y as
% become very small and there will be no appreciable
hysteresis.

For E, also positive as well as negative values have been
observed and zero points can be obtained in any binary system,
where both signs of E, occur inside a region where mixed
crystals are formed.

The simultaneous fulfilment of both requirements

A =0 s

E;:=0 )
in a binary alloy or in a binary mixture of non-metals will
in general be impossible or at any rate highly improbable.

The well-known alloy permalloy is an example of a binary
alloy, for which the above requirements are approximately
fulfilled. The measure to bc taken is evident: by adding a third
component to a binary system the zero points are draum out into
zero lines, the course of which may be followed inside a ternary
system. At the points of intersection of these curves very low
values of the hysteresis are to be expected. We will return to
these questions in § 6.

Quite apart from the possibilities indicated above we areinter-
ested in the relative magnitude of the hysteresis effects brought
about by one of the quantities A or E being different from zero.

well as
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In order to be able to discuss this question we first require
a short treatment of the two models, in which both types
of hysteresis are realized as purely as possible.

§ 2, THE INCLUSION MODEL !

The anisotropy energy and consequently the specific surface
energy are assumed to be constant throughout the material.
The condition required for equilibrium in a situation as repre-

sented by Fig. 1 is given by (5)

y 1 do
"I 0 & ©
where H stands for the mag-
netic field, I'nax for the satu-
ration magnetization and O
for Ojct.. From (5) we find
for the critical field H, and

the initial susceptibility x,

nd vy
T 5% Imax' ©
ﬂ S Izmax
=L = . (7

In equation (7) 8 denotes the
fraction of the energy minima
which is actually occupied
by a Bloch zone.

We note in passing that in
this model the susceptibility
Is rigorously constant up to
the critical field H, The
limiting value of the induc-
tion B, below which no hys-
teresis occurs is found from
(6) and (7) to be equal to

d .
Bi= }.8. 5 Froax. )

! Cf. Appendix I, p. 1086.

|

|
S |~
|
i
'

l

Fig. 1
Inclusion model of ferromagneti
hysteresis.
I = dircction of thc magnetization.
H = direction of thc magnetic ficld.
The black circles represent inclusions
arranged aleng a simple cubic lattice.
The potential energy has a minimum.
where a Bloch zone (indicated sche-
matically in the figure by two parallci
lincs at distance 8) cuts the spherical
inclusions in an equatorial plane. The
diamcter J of these inclusions Leing
small in respect of the distances
between them, the width of the
potential minima and con-eygventlv
the reversible displacement o1 the
Bloch zones is relatively smail,
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§ 3. THE STRESS MODEL

The anisotropy is assumed to be of the uniaxial type, the
direction along which the energy is minimum being the same
throughout the material, but certain fluctuations in the abso-
lute value of the anisotropy energy E 4 are supposed to exist,
as a result of which y is a periodic function (with period ) of
the place in the lattice 1. Equation (3) now changes into

the susceptibility is not found

1 dy
" e & @)
while (6) and (7) are replaced by
-4 . _a A.As -6
E : Ho* 2 ‘ Imax . l ’ (10)
| i 3 I
' ! o =i o, eDAX
I, ; I, L e=LgE (1)
i ; Contrarv to the results
, : found for the inclusion model
|

Fig. 2.
Stress model of ferromagaetic hyste-
resis.
The stress is subposed to vary as
a sine with amplitude 4 ¢ around
a fixed amount oy, 4 o bein:> very
small compared to o,. The width
of the potential minimum for the
BBloch zones is ‘omparable to the
length ! of a mean period. The other
svinbols have the same meaning as
in Fig. 1.

1
Bl :; . /'l’ Bn]ax

to be constant for all field
strengths below the critical
value, but becomes larger
in the immediate neighbour-
hood of this value. In view
of much larger effects to be
discussed later we will dis-
regard this detail and again
ask for the limiting value
of the induction, below which
no hysteresis occurs. It is

(12)

and thus larger than (8) by a factor s.d.

! M. KERSTEN, ““Probleme der technischen Muagnetisierungskurve’”,

Berlin 1938, 34,
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§ 4. HYSTERESIS AT LOW VALUES OF THE INDUCTION

Cables used for telephony are provided at regular intervals
with so-called ‘“loading coils”, self-inductances, and mutual
inductances of about 60 mH !. It is important, that these
loading coils, of which large numbers are required, shall be as
small as possible. To that end the coils are provided with a
ferromagnetic core with a permeability aimed at values between
30 and 120, according to the special purpose in mind.

The inevitable increase in the total losses and a certain
amount of non-linear distortion should remain between certain
well specified limits, if the apparatus is to be workable. The
reduction of the distortion is the bigger problem of the two
and in the following we shall look at this problem a little closer.
Let V be the voltage on the coils under working cenditions.
The second induction law tells us, that V is related to B,, the
top induction in the core, by something like

V=N?2.0.0.B, (13)

where N is the total number of windings on the coil, O the
surface of a transverse section of the core, « the circular
frequency. Unimportant numerical constants in this relation
are omitted. N? must exceed a certain lower limit, becausc
otherwise the current required to produce a certain induction
would become too large. It is evident that a diminution of O,
which would allow us to reduce the volume ot the core, can
only be brought about by making B, larger. On the other
hand the non-linear distortion rises as B, rises, and it is clear
that a material will be the better suited to telephony purposes,
the higher the value ot B, which it can stand without the
distortion becoming unduly high.

Making a comparison on that basis between the inclusion
model and the stress model, it at once follows from (8)
and (12) that unmagnetic inclusions are in general more
harmful than internal stresses because of the factor d/s which
as said before often is in the neighbourhood of 0.1.

! Jhr. W, Six, J. L. SnoEk AND W. BURGERS, De Ingenieur,
1934, E 195—200.
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We shall now discuss the validity of our argument.

Further consideration and the graphs of Fig. 1 and 2 im-
mediately make clear on which assumptions our conclusion
is based. The amount by which a Bloch zone can be displaced.
without leading to a discontinuity, is of the order of the ratio of
the width of a potential minimum to the period of that potential.
We thus see, that our general conclusion is in the end based
upon our tacit assumption that the internal stresses roughly
vary as a sine throughout the material, whereas the smallness
of the diameter af the inclusions with respect to the distance
between them causes the potential minimum in the inclusicn
model to be relatively sharp. It follows that our conclusion
would become invalid, if it could be shown that () the internal
stresses are of another type than has been assumed or (4), that
the ratio d/s would be much larger than 0.1. There seems to be
no reason at all, however, to doubt these basic assumptions. An
interesting consequence is, that for substances with a large
crystal anisotropy it may be found useful to increase the
yolume percentage a of the inclusions, because the factor d/s
will be raised by such a measure.

In comparing (8) and (12) we have tacitly assumed the
values of /1,ax and f to be equal for the two cases. It is clear
that a high value of these factors will in general be favourable.
Other circumstances being equal the material with the higher
saturation value is therefore to be preferred. To say something
about f is more difficult. It is at once seen, that it is this
factor which really rounds off the sharp corners of our
statement that the inclusion model leads to the largest hys-
teresis values. For if d/s would be made very small, conditions
would probably in the end be such that Bloch zones would
be found also in other places than those prescribed by the
inclusions.

The whole matter is summarized in the following statements:
a. the mean period of the disturbances is within wide limits

without any influence on the result.

b. other circumstances being equal the material with the
higher value of /;,;x is to be preferred.
c. the hysteresis factor of a material containing only traces
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of impurities will be highly dependent upon the number of
occupied “inclusion’’ minima, as compared with the number
of ‘‘stress’’ minima and will be higher, the higher the former.
d. for special materials with an abnormally high value of d/s
conclusion ¢ is not valid.
c. a reduction in the size of the Weiss domains is favourable
for obtaining low hysteresis coefficients.

It is the last conclusion really, which for the present does
not allow us to clinch the whole matter into numerical relations
and easily predictable results. We shall return to this matter
in Chapter III.

§ 5. RAYLEIGH'S RELATIONS

The fact that neither the inclusion model nor the stress
model does lead to the well-known relations deduced by
Rayleigh for the hysteresis ! might be looked upon as a defi-
ciency in these models.

This deficiency is not as serious as it would seem to be
at first sight. It is easily understood why our two models
fail in this respect: this is chiefly due to the highly
artificial assumption, that the distribution of the stresses
and the inclusions in space are strictly periodical. Only by
assuming this we find that the Bloch zones become flat
surfaces, falling straight into the pits dug for them by the
studious modelmaker. In reality conditions are very different.
The Bloch zones will in general be curved and the zones
will not be allowed fit themselves into the potential minima
as snugly as was assumed. It is qualitatively clear, that parts of
the zone will be in a very unstable position, the least shock
leading to a discontinuous correction of the form of the zone.
Statistically, however, such a situation will be a rare occurrence
and accordingly non-lincar distortion at low values of B and
H will be very small.

v Phil. Mag., [5] 23 (1887) 225; cf. W. B. ErLLwoob, Physics, 6
(1935) 215; E. FETERsON, Bell Syst. Tech. Journ., 1 (1928) 75
and V. E. I.ecg, idem 15 (1936) 39.
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The task of finding a suitable generalization o1 the
original hysteresis models, leading to a model obeying the
Rayleigh relation, is essentially a statistical problem, the
difficulties of which are admittedly great but do not seem
insuperable.

Of course not only the period but also the amplitude of the
disturbances will in practice not be strictly constant throughout
the material. This is considered however to be a factor of
minor importance. There is no need of introducing a genc-
ralization of this kind into the model.

Finally returning to our conclusions, drawn from a com-
parison of the two types of hysteresis, it is to be noted
that the influence of the rotation in a domain as a whole
has not yet been for account. Only the lateral displacc-
ments of the Bloch zones have been taken into consider-
ation.

It is easily shown that if these processes are taken into
account, the inclusion model compares even more unfavourably
than before.

It may thus be expected that the rules stated above will
prove to be of some value in analysing results obtained in
practice on materials having widely ditferent values of Imyax.
E,, 2, Ao and d/s. Such an analysis will be tried in Chapter I11.

§ 6. ZERO LINES OF CRYST.AL ANISOTROPY AND MAGNETOSTRIC-
TION IN TERNARY SYSTEMS

The importance of zero lines of E, and A in the search
for alloys with a low hysteresis has already been alluded to
in section 1. The regrettable fact that A unlike E, is
not a simple constant for any alloy, but may depend upor
the direction of magnetization relative to the crystal axesx,
was not mentioned then, but obviously represents a com-
plication.

For various alloys WENT has plotted the magnetostriction
against the field and where the curve of this line suggests
that 4 is strongly anisotropic, has extrapolated the curve in
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such a way, that a probable value for 4 in the direction of
minimum energy was obtained. This procedure is obviously not

8
$
-0
p----n
9
-o

—_—)

Fig. 3.

Measured valucs of the magnetostricticn A in binary systems,
having iron as a main component. An arrow indicates cases,
where the volume magnetostricticn is found to be high.

entirely satisfactory, but it was the only: wayv leading to prac-
tical results in a short time.

Once 7 has been determined, A 4o can be calculated,
provided we know /g. As pointed out in the first section the
assumption that the mean value of 4o is equal to 5 kg/mm?
in well-annealed iron allovs of commercial quality seems not
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to be far from the truth- at any rate it has in no case-led to
contradictory results.

The specimens used for the determination of A had the
form of small bars of 10 cm length, having a diameter of about

Fig. 4.
As Fig. 3, but this-timc the magnetization energy E (corrected
for the term A. A o) is the mcasured quantity. Points, where the
alloy becomes hetcrogencous arc marked by 0; points where
ferromagnetism ends by C.

2.5 mm. They were pourcd from the melt into dies holding
small tubes of a special glass, thus yielding a perfectly smooth
surface. No sticking of the glass to the metal occurred except
in one case (where vanadium was added). Afterwards the
glass was broken off. Conditions of casting were such, that
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no large anisotropy in the bars was to be expected as indeed
proved to be the case on testing them by X-rays.

The main component in the first part of the investigation
was iron. To this element the commercially available elements
Al, 51, 51, V, Cr, Mn, Co, Ni, Mo, W, Zn were added, the more
costly elements being left out on account of their purely
academic interest

The crystal anisotropy was calculated from the form of the
ideal magnetization curve as measured on the same samples,
and a correction for the magnetostriction energy 1. 4o was
each time applied along the lines indicated.

In order to find zero lines for E, and A, zero points in the
binary systems must
be available first.
Fortunately part o:
this work had been
done on the more
important binary
systemsalready?!,thus
vielding also data for
the sign of E,. which
can of course not
be found from mea-
surements on poly-
crystalline specimens.
Once the sign of E,
on one side of the
triangle representing

a ternary system is A in the ternary system Fe-Si-Al. The curve

. represents concentrations for which A, (A in the
k_nown'thedetermma' direction of preferred magnetization) is zero.
tion of the cofrect

sign inside this svstem usually presents no insuperable diffi
culties.

A survey of the results obtained for E;'and 2 in binary

' J. W. Suin, Phys. Rev., 46 (1934) 139; J. D. KirE1s, ibid.,
50 (1936) 1178; F. PREISACH, .dnn. d. Phys., 3 (1929) 737; K.
Honpba aND K. Kipo, Sc. Rep. T6hoko University, 9 (1920) 221;
I.. P Tarasov, Phvs. Rer., 56 (1939) 1224 and 12435.

Research 19—2
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systems (Figs. 3 and 4) shows that the number of zero points
and consequently the number of zero lines is very limited:
only Si causes 1 to change sign. With E¢ the three elements
A4l, Si and Co have the same effect. In this way the ternary
systems Fe-Si-Al and Fe-Si-Co present themselves as the
only ones worthy of further inspection.

Fig. 5 and Fig. 6 give the course of the zero lines as
drawn by WENT for the ternary system Fe-Si-Al, based upon
an accurate inspection
of the admittedly

scarce data. It s

, / satisfactory to find

§ L7 that the point of inter-
Ae00 | i section corresponds
! ‘ with the maximum
. / Theory and expe-
y/ riment seem to agree

in the permeability
’/""_’__' A
7 ] .
! / “\ / / ‘ within the accuracy

Sat =

- / / observed by Masu-
! 1, [ smces MoTO in 1936 for these
| ! r / / alloys 1.

7’0 i1 o | 81 . % of the data. A con-
trol determination
of the sign of the

. Fig. 8. (rather weak) crystal
Ec in the ternary system Fe-Si-Al. Curve repre-

sents concentrations for which the crystal anisotropy  on the
anisctropy is zero, other side of the

zero line, where it is

negative according to the diagram, would involve the

preparation and handling of single crystals of the required

composition. These single crystals were obtained with eace,

but we have nect been able to make satisfactory ellipsoids
of them.

It i~ worth while noting that on the zero line for F, the

(% by weght) {

1 }. Masumoto, Sci. Rep. Tohoko University, 25 (1936) 388
{(Honda Vol



§ 6 ZERO LINES 19

Curie point according to determinations by the author lies
between 400 and 500 °C.

Inspection of the zero lines in the ternary system Fe-Si-Co
(Fig. 7 and Fig. 8) shows that these curves do not intersect.
Consequently no high u-alloys are to be expected in this tern-
ary system.

Starting with pure nickel the cubic face centered alloys were

/

t,-lmmvy/m’ y /
/ / |
l

(%%
! (%o ) % & weigh)
Fig. 7. Fig. 8.
A in the ternary system Fe-Co-S;. Ee in the ternary system Fe-Co-Si.

attacked in the same way and by the same methcds as were
the body centered alloys. Unfortunately the frequent occur-
rence of a tendency towards ordered arrangements complicates
matters here as does the fact that E.proved to be very small
compared with 4 4o in the region investigated. Consequently
the results are still too uncertain to justify publication now.

One new and interesting result was obtained on a binary alloy:
nickel containing 199, of manganese, when in the ordered
state!, proves to have E; and Z zero and consequently is a

1 Cf. A. KussMaNN, Z. Metallk., 31 (1939) 212.
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bigh u-alloy. Values of 8000 for uo and and 0.04 for H, have

been obtained with ease for these alloyvs, using commercial

materials.

The question has often been discussed, whether a tendency
towards an ordered arrangement in a ferromagnetic alloy
leads to increased hysteresis or not. Basing our conclusions
upon the results mentioned above, we are now able to say that
such a statement is without any point.

The only thing which really matters is that order leads
to an alloy having magnetic and other properties which may
ditfer considerably from the properties of the unordered alloy.

Whether the ordered alloy or the unordered alloy is mag-
netically the weaker one, is entirely a matter of chance.

As a matter of fact, now that a complete surveyv of occur-
rences in commercially available materials has been made, we
find that, of three possible cases, each has been realized exactly
once. We have:

a. a case, in which the ordered alloy is the magnetically weaker
one (nickel manganese).

b. a case, in which a certain amount of disorder is essential to
fulfil the conditions E, =0, Z= 0 simultaneously (per-
malloy).

¢. a case of a magnetically weak alloy, in which no ordering
occurs at all (sendust).

N 7. PERMEABILITY AND COERCIVE FORCE OF THE CUBIC FERRO-
MAGNETIC OXIDES

So far little systematic study has been made of the magnetic
properties of non-metals. Yet the study of these is especially
attractive, because these substances have a much larger specific
clectric resistance than the alloys and accordingly particularly
low eddy current losses. The idea, that such terromagnetic
non-metals might be useful as a core material for high rrequency
cores, is almost as old as the systematic study of ferromagnetism
itself; G. HILPERT ! took out a number of patents in 1909
on the use of ferrites for this purpose.

1 D.R.P. Nr. 226347 and Nr 227787.
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The onlv ferrite occurring in nature in the form of
fairly large single crystals is the well-known ferrous ferrite
FeO . Fe,03 (= Fey0;) or magnetite, as it is comimonlyv
called. Its saturation value, its Curie point and its crystal
anisotropy were determined long ago by that pioneer of
magnetic investigations, PIERRE WEIss, in a series of careful
measurements 1.

The value of /sy for magnetite is of the same order as that
of nickel, while the crystal anisotropyv according to V. QUITTNER
can be estimated to about — 100,000 erg/cm?. The magneto-
striction was determined by WENT on a polycrystalline spe-
cimen, prepared by the reduction of a pressed bar of Fe,0; in
nitrogen at 1350° C. It was found to be about as large as the
values obtained on polvcrystalline nickel (4 37.10-%) but to
have a positive sign. The particular impgrtance of this fact
will become clear when we have discussed the properties of
other ferrites. Values of the permeability and the coercive
force obtained on various samples of Fe,0, did not differ
much from those obtained on nickel, which is according to
expectation.

The chemical formula of other ferrites may be obtained
by substituting for the ferrous oxide another oxide of a
bivalent metal. The ionic volume must not fit too badly int»
the original structure (which is of the spinel type) 2.

Substances such as MgO . Fe,0, are well defined chemical
substances, which may be prepared by intimately mixing the
finely divided oxides in the required proportion and heating the
mixture above 800° C. Nt and Co are known sometimes to have
valencies different from two, but nevertheless substances having
the approximate composition N70 . Fe,0; and Co0.Fe¢,0; arce
casily obtained.

As mav be expected, more trouble is experienced in the
attempt to make such substancesas CrO.Fe,0, or MnO.Fe,(0,

! P. Weiss, Thésc, Paris 1896; J. Phys [3] 8 (1896) 435.
V. QUITTNER, Ann. der Phys.,, 30 (1909) 289; P. WEIss axp R
FORRER, .dnu. d. Phys.,, 12 (1929) 297,

* H. ForRESTIER, Comptes Rendus Paris, 192 (1931) 842,
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because of the strongly variable valency of the Cu and the
Mn ion !,

All ferrites at temperatures above 1200° C suffer a slight
dissociation, part of the iron changing from the trivalent into
the bivalent form. This tendency is particularly strong, if more
Fe;0, 1s added than corresponds to the chemical formula of
an ordinary ferrite) If the degree of dissociation is suitably
chosen, such a mixture may be looked upon as a mixed crystal
of an ordinary ferrite with Fe;0,, as will be easily realized.

The very short discussion on the chemical side of the pro-
blem given above is necessary in order to understand the
results of our magnetic investigations.

The first discovery with respect to the ferrites concerns
the Curie temperature and the adaptation of the latter to such
conditions, that a much larger value for the initial permeability
could be realized than was hitherto thought possible for thesc
substances.

Of all ferrites satisfying the conditions mentioned above.
only the one with zinc is unmagnetic at room temperature.
The ferrites under discussion mix freelv and without anyv
limitation on the proportion of the components. It has been
found that by the addition of Z» ferritc to a magnetic ferrite
the Curie temperature can deliberately be lowered to a tempera-
ture slightly above room temperaturc. By this measure the
maXximum in g, usually observed just below the Curie point,
may be shifted till it lies just at room temperature and in this
way high values of g, may be realized. The results obtained
will be discussed in Chapter III.

In this connection another point is of particular interest.
whicl: will also reappear in Chapter IT{.

IFrom the study of the alloys it is known that both the
crystal anisotropy E; and the magnetostriction /4 diminish
on approaching the Curie point. However Echas usually become

1 J. L. SNOEK, Physica, 3 (1936) 463; A. E. v. Arkir, b
J. W. VERwWeyY aND M. G. vax BRUGGEN, Rec. Trav. Chim. Pavs
Bas, 55 (1936) 331.

C. WiIJcKOFF, X-ravs and Crvsial Structire, Suppl. 1930 = 1934
p. 64
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practically zero long before the substance has become unmag-
netic !, while 4 remains different from zero right up to the
Curie point 2.

Most probably by reducing the Curie point, we have ‘kil-
led” the crystal anisotropy E, of the ferrite: In order to
obtain full results as to permeability and coercive force we
should have an additional means of ‘killing”’ the magnetos-
triction 4 and so obtain a really high u-ferrite.

It now turns out on closer inspection that these means
exist.

Measurements on the magnetostrictive properties of the
ferrites revealed the interesting fact that all the the ‘‘single”
ferrites have negative A, except ferrous ferrite or Fe,0,. Taking
into account again that mixed crystal formation is possible
without any Jimitation between the ferrites mentioned, the
discovery that by addition of Fe,0, to any ferrite or mixture
of ferrites small values of 4 are occasionnally obtained, can be
understood. If Fe,0, is added to the mixtures of magnetic
ferrites with zinc ferrites mentioned above, we should obtain
homogeneous ferromagnetic substances, fulfilling at the same
time the condition E, = 0 and 4 = 0. (Provided E, behaves
sensibly as a function of the temperature and 4 is not too
strongly anisotropic). It was stated above that ferrites con-
taining Fe,0; in excess easily dissociate on heating at high
temperatures, forming Fe,04, which is readily taken up bv
the lattice. All ferrites however, also the stoechiometric ones,
suffer a slight dissociation at high temp :ratures and this fact
iniluences the results obtained on these ferrites after annealing
them at increasing temperatures.

Practical difficulties are of course numerous, ¢.g., carrying
the dissociation to thc right degree and just as far inside
the specimen as near the surface, preventing the sample from
taking up oxygen again on cooling, etc.

The principles according to which one may work, have
however been outlined above.

Tt is seen on the one hand that the conditions for obtaining

1 Cf. 3. and D. p. 125,
* Ct. B. and D. p. 132,
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high u, and low H, for the non-metals are identical to thosc
found to exist for the metals.

On the other hand the search for “‘zero points’” and ‘‘zero
lines” for the ferrites has been obviated by making use of the
relatively simple laws governing 4 and E,.

§ 8. Fey0, AT LOW TEMPERATURES

The formal theory of ferromagnetism operating with the
two notions crystal anisotropy and magnetostriction knows of no
anisotropy forces inside a ferromagnetic having a lower svm-
netry than the crystal itself.

On the contrary the expectation that the symmetry of
ferromagnetic anisotropy should at least be equal to that of the
crystal, forms the keystone of the phenomenological theoriex
developed by BECKER and KERSTEN. In crystallography the
above rule, which seems fairly evident in itself, is known
by the name “NEUMANN'S principle”.

It is the more remarkable that a number of exceptions to
this rule exist and that one of them was discovered as earlv
as 1932, i.e., shortly after the theories of BECKER and KERSTEX
were published, without apparently anvbody noticing the
paradox or drawing the consequences.

CmiNG HsieN L1l (working at that time in the laboratory
of L. W. Mc KEEHAN) proved, that single crystals of magnetite
wiien cooled below 114.5 K developed a strong ferromagnetic
anisotropy, the direction of the magnetic field during cooling
determining the axis along which the magnetic energy is
minimai. CHING'S experiments have been repeated by us on
polycrystalline specimens of Fe,0,. His results were fullv
confirmed.

The low value of the transition temperature combined with
the fact, that the crvstal will withstand the phase transition
scveral times without any damage or distortion, make it highlv
improbable that the ion lattice would undergo any change ot
svmmetry there. This point wax confirmed by making Lauc

Perina Hstrs Lo Phys. Reo.. 40 (1932) 1002,
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photographs above and below the transition point (SEQJI in

1935) 1.

The transition itself, judging from determinations of the
specific heat by R. W. MILLAR 2, is not really discontinuous
but covers an interval of at least 15° C (Cf. Fig. 9)

Magnetic observations seem to indicate that the effect of the
low temperature transition even stretches over a considerably

larger region of temperatures. We have measured the initial

Fig. 9.
#o vs T for sample of Fe,0, preparcd by the reduction of Fe¢.O; in nitrogen
at 1300° C. The maximum in Cp found by R. W. MiLrar at — 160° C is also
reproduced in the figure.

permeability of a number of samples of Fe,0,, most of them
made by reducing pressed bars of Fe,0; at 1300° C in nitrogen
(Fig. 9). Two maxima in s, are clearly visible in all these curves:
one, the normal one, lies immediately below the Curie point; the
other one just above the temperaturc wherec the magnetic
anisotropy changes its character. A most remarkable feature
about this second maximum is, that the abnormal rise in y,
with decreasing temperature sets in already just below 0° C,

U HIKOROKU SHOI1 Sci. Rep. Tohoke Uneversity, 24 (1935) 250,
* RusseL W. MiILrar, Journ., Am. Chem. Sec,, 51 (1929 215,
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i.e., a hundred degrees from the tempzrature where the phase
transition is supposed to take place.

E. J. W. VERwEY of this laboratory working with J. H. DE
BOER on the semi-conductive properties of Fe,0, put forward
the theory !, that its rather high conductivity might be due
to the existence of several equivalent positions in the lattice
available to the 3 d-electrons. From this point he developed
the idea that what really happens in Fe;0, at temperatures
of about 114.5° K, is the formation of an ordered arrangement
of these electrons. The inevitable consequence, that the con-
ductivity would show a very large drop at that temperature
was fully confirmed first by VERWEY himself, and later more
carefully by VERWEY and HaayMmax (E. J. W. VERWEY Nature,
144 (1939) 327; E. J. W. VERwEY and P. W. HaayMax
Physica 8 (1941) 979).

We see here a possible connection between ferromagnetic
anisotropy and the positions the electrons occupy in the lattice.

The combined experimental evidence on the properties of
Fe;0, at low temperatures perhaps offers a better clue to the
understanding of the nature of ferromagnetic anisotropy than
any observations made so far on metal crystals.

Magnetite is not the only example of a substance having a
ferromagnetic anisotropy, the symmetry of which is not in
accordance with the symmetry of the lattice. We shall discuss
another case in the next section.

§ 9. EFFECT OF COLD ROLLING ON THE PROPERTIES OF ALLOYS
OF NICKEL AND IRON

‘This effect was first studied by the author in 1935. After
this the matter has been dealt with again at length by G.
RATHENAU and the author (Magnetic anisotropy phenomena
in cold-rolled nickel-iron, Physica, 8 (1941) 555).

It would carry us too far to review here in detail the experi-
mental evidence brought forward in these publications. It is
sufficient to say, that the anisotropy phenomena obscrved
on cold-rolled nickel iron alloys have been reduced to the

1 E. J. W. VERWEY aND J. H. DE BOER. Rec. Trav. Chim. Pays
Bas, 55 (1936G) 531,
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(772}

simplest possible form by taking real single crystals instead of
pseudo-single crystalline aggregates originally used and plastic-
ally stretching the material by a few percents instead of rolling
it out. When studied in this way the anisotropy phenomena
are found to occur regardless of the direction in which the
single crystal is stretched, the direction of minimum magnetic
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Fig. 10,
E vs I tor a pseudo-unicrvstalline strip of cold rolled nickel iron annealed
at a0 €, Dotted line: anistropy of completely annealed single cryvstals,

energy always lying normal to the direction of stretch and
in the surface of the strip.

The analogy with Fe O, at low temperatures is unmistak-
able. Here as there the crystal lattice has a higher symmetry
than the magnetic anisotropy. Here as there an ordered arrange-
ment may\- be taken as the cause of the phenomena observed.
It will be remembered, that in the nickel iron alloys showing
the cffect the ions tend to an ordering of the type A4B,.

Our cxperiences with Fe,0, make us hesitate however to
consider an ordered arrangement of the nicke] and iron
atoms to be the cause of the anisotropy phenomena. It
might just as well be that the 3 d-electrons play some
unexpected role in this second problem also

After the completion of the investigation by RATHENAU,
DijksTRA has made another experiment on the “‘fernicubes”
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("’fernicube’’ is the trade name under which the cold-rolled
nickel iron alloys serving as cores for loading coils are brought
on the market,) which is perhaps worth while recording here.

The dependence of the crystal anisotropy and the stress
anisotropy on the temperature is very different, as is well
known. It seemed to be of interest also to study the dependence
upon temperature of the anisotropy due to plastic deformation.
The strip had of course first to be annealed at a temperature
lying above the temperature interval to be swudied, but so
low as to not destroy the anisotropy completely. The tem-
perature dependence of the remaining anisotropy was deter-
mined after annealing had been carried out at various
temperatures ranging from 20 to 500° C. It proved to be of
the same type as is found for the crystal anisotropy (Fig. 10).
The interpretation of this result must wait further develop-
ments in this field.

§ 10. SOME CONSIDERATIONS ON ALLOYS OF HIGH
MAGNETIC STRENGTH

It has often been remarked, that the internal stresses
calculated for an alloy like Fe,NiAl when based upon the
magnetostrictive properties alone are extremelyv high. The
KERSTEN theory of the coercive force, which takes into
account the effect of unmagnetic inclusions, does not make
this situation seem more hopeful, because a primary neces-
sitvv for obtaining magnetic strength in any alloy alwayvs
remains a strong anisotropy. It is suggested therefore that
in alloys of the Fe Ni Al tvpe and related ones, a kind of
,.chemical” anisotropy lies at the root of the observed magnetic
strength rather than the ordinary stress anisotropy. Age
hardening experiments on manyv other alloys have sufficientlv
shown that what happens in a super-cooled alloy on annealing
may differ considerably from the simple picture of two compo-
nents 4 and B separating from a homogeneous mixture.
Structural details often playv a decisive :8le. We shall return
to this matter in Chapter TTT p. 68.
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§ 11. EDDY-CURRENT PROBLEMS IN FERROMAGNETICS
WITH DEMAGNETIZATION

We are now about to discuss the effect that variationsin the
rate of change of the magnetic field may have on the process
of magnetization. According to the second induction law cach
change of magnetic flux is accompanied by an e.m.f. along
a path surrounding this flux.

In metals the eddy currents set up as a result of this e.m.f.
will have a considerable influence upon the process of mag-
netization as soon as the quantity

c

0= ———

14
AV 2vowpu (1)

assumes values equal to or smaller than the minimum dimen-
sions of the specimen in a planc normal to the direction of
magnetization. (In (11) ¢ denotes the velocity of light, ¢ the
conductivity, o the circular frequency and i the permeability).
If such is the case the specimen is said to show magnetic skin
cffect, the magnetic flux being concentrated in a_laver of
cffective thickness o below the surface.

The distribution as to phase and amplitude of the magnetic
flux and consequently the amount of heat developed in the
ferromagnet as a result of the eddyv currents have been cal-
culated for straight cvlinders of infinite length 1. The results
for this particular form of specimens can be cxpressed in
the following rules:

a. Immediately below the surface of the cvlinder there 1s no

1 K. L. Scor1, Proc. lust. Radio LEngincers, 18 (1930) 1750;
ell Syst. Techn. Pub!. 13 620,
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time lag between the induction and the (external) field.
The internal field is moreover equal to the external field.

b. If at a given moment a constant internal field is applied
to the sample, the induction B at scme distance below
the surface will increase only with a certain time lag, but
the final value of B is reached asymptotically throughout
the sample without any oscillations. The form of the
hysteresis loop will therefore be determined correctly.
provided the time lag is short with respect to the frec
period of the ballistic galvanometer.

¢. The formula for the amount of heat developed per. cm?
of the surface, at frequencies high enough te cause é to bu
small in respect of the diameter of the cylinder, may be
adequately written as follows:

W = l .uHZ2. 4. (15
87

In this expression 1 p.HE= He Iy denotes the mean

magnetic energy at the surface of the cvlinder; é as already
mentioned denotes the depth to which the field and the
induction effectively penetrate. Remembering that § varies
as 1}, the variation of W with u for high frequencies evi-
dently is of the form

W=C.ut}, (16)

the effect of the increasing flux overbalancing the cffect
of the decreasing thickness of the surface layver.

The above rules break down for ferromagnetic specimens with
appreciable demagnetization. As a result of the breakdown of
rule b, mecasurements of the hysteresis by means of a ballistic
galvanometer on ferromagnetic bars or ellipsoids may lead to
quite etroneous results, if no suitable precautions are taken
to make the variation ot the field sufficiently slow. (Cf. SNOEK.
Phvsica, 8 (1941) 1420, ‘reprinted at the end of this book.
Appendix I1).
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§ 12. MAGNETIC SKIN EFFECT OF A FERROMAGNETIC SPHERE

There are further interesting consequences for the heating
of ferromagnetic bodies in a h.f. coil, this heating process
showing quite interesting anomalies in the neighbourhood of
the Curie point.

The peculiar situation arising when magnetic skin effect
occurs in a ferromagnetic body with appreciable demagnetiza-
tion, is most easily demonstrated in the case of a sphere.

Formulae for this case have been kindly derived at my
request by C. J. BotwkaMP and D. POLDER of this laboratory.
It afterwards came to our knowledge that the same problem
had already been solved by M. DiviLkovsky. The results
of this author being identical with those obtained by Botw-
KAMP and I’OLDER, we refer for a detailed account of these
calculations to DIVILKOVSKY’s paper !. Here we shall only
use the final results and analyse them, so as to show the

physical background of c¢he phenomena. Let a = %@ be the

ratin of the radius of the sphere to the effective thickness of
the magnetic layer and H, the amplitude of the magnetic field
varying with the (circular) frequency . The total amount of
heat developed in the sphere is given by DiviLKovsky in the
following form:

3 ‘ —
W:f{o:,l_?_‘i’"_" a—1

92 — —_ 12
1 2a 14 M |+(/4 .l (l——l——{--l-.)

This result may be considerably simiplified if we assume

(17)

R
y>landa= — > 1. Introducing the new quantity

! M. DiviLkovsky, Le probléme d'une sphére métallique dans
un champ magnétique alternatif homogénc et son application a la
théorie des fours a induction. Journal of Physics Moscow, ¥ (1939)
471.
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it is easily shown that (17) can be written in the simple form

W=2.H°2.R32—.1———. (19)
— +2+9
p
Equation (19) has a maximum near p = 1. For p < 1 and
p > 1 it varies as p*1 and p~! respectively.
p on the other hand contains the factor x . 6 also found in
(15) and is proportional to utt
It thus follows that under certain conditions the dependence
of W on u may be the same as in the case of the infinitely
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Fig. 11.

Bquilibrium temperatures of iron and nickcl wires heated in a h.f. magnetic
field (wavelength about 800 meter). At the Curic temperature the increase in
temperature with increasing current in the h.f. coil temporarily stops due to

the strong decrease in u, the heat developed varying as p.—i in this case.

long cylinder, but that also the exponent may change sign,
the condition for this to occur being
‘ t.0

It is to be remembereci chat 6/ R is supposed to be smaller than
one, so that in order that (20) shall be true the value of
must be fairly high, e.g., a hundred or more.

In a ferromagnet a maximum in the value of the initial
permeability is encountered immediately below the Cnric
temperature (Cf. § 7) followed by a sudden drop towards.unity,
when that temperature is reached. At medium field strenzth
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the maximum is less obvious, but the sudden drop towards
lower values near the Curie temperature remains.

This sudden drop in the permeability will have different
consequences for the h.f. heating of ferromagnetic bodies of
various forms. In long and thin specimens which are magnetized
in the direction of their greatest dimension, the heat will vary
asut?. Consequently the curve giving the variation of the
te mperature with the current in the coil is moie or less flattened
in the neighbourhood of the Curie temperature (c.f. Fig. 11).
In experiments on iron plates magnetized in a direction normal
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Fig. 12.

Sawme as Fig.11,but now the specimens are flat plates magnetized in a dircction
normal to the field. The retarded ,,jump” in the temperaturc observed for

ron, is due to the heat developed varying as ,u_* and is explained in Fig. 14.

to the surface an interesting phenomenon of temperaturc
hysteresis was found to occur (Fig. 12). At a certain value of
the slowly rising h.f. current the temperature suddenly rises
by several hundreds of degrees. The explanation lies in the
fact that the drop in g, in this case leads to a sudden increase
in the amount of heat developed. The temperaturc hysteresis
shown in Fig. 11 may be illustrated visually very easily by the
following experiment:

An iron wirec of 1 mm diameter is bent into the form illus-
trated in Fig. 13 and then slowly moved into the interior of
a h.i. coil. At a certain critical distance the colour of the iron
wire, which is initially a dull red, suddenly flares up to a
brilliant white. On increasing the distance from the wire to

Rescarch 19—
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the coil the high temperature is retained over a considerable
distance, after which a sudden drop to a dull red again occurs.

Fig. 13.
Experimental arrangement demon-
strating visually the sudden increase in
temperature with increasing H. The
iron specimen is slowly moved in and
out the h.f. coil.

L

The way in which such a
temperature hysteresis as
represented in Fig. 12 arises,
is indicated more fully by
theschematicrepresentation
of Fig. 14.

In this figure the loga-
rithms of the energies absor-
bed and given off have been
plotted against the loga-
rithm of the absolute tem-
perature. Assuming for sim-
plicity that energy is given
off only by radiation, the

curve for the energy lost

by the specimen is a straight line cutting the T-axis at an

angle, the tangent of which is equal to four or five depending
on the nature of the surface.

As to the dJissipated power this quantity varies with the

temperature mainly as a result of variations of u. The relatively

slight variations due to changes in the resistance need not

hE

—=un

be taken into account.
Again for reasons of simplicity the value of u is supposed
below the Curie temperature,
and equal to unity above this /
We may then plot two hori- pd
zontal lines, which for a given
the power absorbed,depending Fig. 14
on whether the value of ug 1S Energy balance in a short ferro-
magnetic specimen heated in a h.f.
In the situation represented magnetic field.
by Fig. 14, in which the lower line cuts the curve for the

to be equal toe.g. a hundred /
temperature.

value of the h.f. current give T

cqual to hundred or to one.

radiated energy at a point below the Curie temperature,
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there are obviously two points of stable equilibrium.

On varying the h.f. current the position of the horizontal
lines is displaced with respect to the curve representing the
energy given off and the reader can easily imagine how
curves of the shape as those represented in Fig. 12 come about.

The physical background of the mathematical condition
p > 1, which marks the ohange ficm u+# to x4, remains to
be discussed.

To that end we must return to equation (15), which as will
be remembered gives in a condensed form the expression for
the heat developed per cm? in an infinitely long cylinder.

As remarked before, the value + 3 of the exponent of u
15 the result of the influence of the increased induotion over-
balancing the effect of the decreasing thickness of the surface
layer.

In bodies with a strong demagnetization the relation

B=yu.H, (21)

between the induction B and the exciting field H,, as is well
known no longer holds, but has to be replaced by

B = ,u‘ . H‘) (22)

where u‘ depends mainly on the form of the specimen. the
value of u being without much influence on u' if u > u'.
From equations for the magnetic sphere it can be seen (c.f.
DiviLKoVsKY) that under all circumstances the distribution of
the poles on the surface of the sphere is the same as if it were
magnetized in a constant field. On the other hand the total
strength of these poles producing the demagnetizing field is
always proportional to the total magnetic flux passing through
the equator of this sphere. It is useful therefore to write the
relation between the internal ficld H; and the external field
H, in a form in which this flux ¢ makes its appearance.
In the case of static magnetization we have between H; and H,
the relation
H; = H,— D.B, (23)

where D is the demagnetizing factor (equal tc } for a sphere).
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1
Substituting H; = m B into (23) we find that the condition

that the value of u shall be without much effect on the induction

1
is given by — <€ Dor
y

u.D>1, (24)
l'or high frequencies we write (23) in the form
D
H;=H,— AR @ (25)

where @ is the magnetic flux and R, is the radius of the specimen
both measured along the equator. We may further assume
that ¢ is restricted wholly to an area equal to 2aR, . §, (where
0 as before denotes the effective thickness ot the magnetized
laver). We thus find

1
— B=H;=H,— D’.an,.a.B (26)

7 7R,

and the condition that u shall be without much effect on the
value of the flux develops into

u.D.d

e

2

S 1, (27)

which for the sphere specializes to

U.0
R,

p=¢% > 1 which is practically identical with (20)

‘ . é .
We thus sec: a) that the combined occurrence of « and—;e- np

is a direct consequence of the skin effect pressing the demag-
netizing @ into a narrow ring of thickness 6; b) that the transition
from the proportionality with u+# to a proportionality with
u-1 is due to the fact that H; no longer equals H, if u takes
on high values.
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§ 13. AFTER-EFFECT

If. as a result of some retarding mechanism other than eddy
currents, a phase angle is found to exist between B and H
throughout the material, we are justified in calling it ‘‘after-
effect’”’. By way of introduction we will first point out some
very general features, which are found in all phenomena of
after-effect. Suppose we have a linear system acted upon
by an external ‘“‘force” X. We take X equal to

X = Xeit (28)
and expect to find for the resulting displacement Y

Between Y, and X, a relation exists of the form
Y, = ¢ () X, (30)

where ¢ is a constant for variations in the amplitudes X, and
Y, of the force and the resulting displacement respectively,
but may depend on w. The function & (w) may be complex
and energy is dissipated at frequencies for which this is
the case.

If for instance the object to be studied is a dielectric, X is
the electric field £ and Y the displacement D,~whilc & is the
dielectric constant. Between the real part ot ¢ (w) and the
imaginary part certain well-known mathematical relations
exist !, which are of such a form as to make the knowledge
of one of them for all values of  sufficient to know the
other also.

From a mathematical as well as from a physical stand-
point the most simple case is met when the after-effect takes
on the form

(31)
where &, + €, represents the value of the dielectric constant

for static measurements and ¢, the value obtained for fre-

1 H. A. KrRAMERs, Atti Congr. Fis. Como (1927) 547; F. BRrons,
diss. Groningen 1938 p. 8.
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. 1 ] ) )
quencies @ 2> — ; T is called the relaxation time. If &, < ¢&,,
T
advantage may lie in the measurement of the loss angle

£ wTt
tand= L. —— . 32
€o 1 + w“r’ ( )
Just as complete an insight intq the phenomenon is gained
however by studying the variation of the real part of £ with
frequency given by
(33)

&=t h. o

Often it is found impossible to investigate the whole range of
frequencies containing values of w for which wr<€ as well
as wr > 1, due to experimental difficulties, which will however
not be discussed here.

Instead of this we will inquire into the possible causes of
after-effect. Now fortunately it can be said, that notwith-
standing the fact that after-effect may present itself under
innumerably varied forms and may be the result of very
different causes, trivial as well as deeply founded ones, there
nevertheless exist some general points of view which are
valid for all phenomena of after-effect.

From experience in various branches of physics (dielectrics,
para- and ferromagnetism, elasticity, acoustics)! it has
become increasingly evident that after-effects are always due
to the retarded restoration of a thermodynamic equilibrium,
which has been thrown out of balance by the action of the
external force X. Such a recovery is in general only possible
through a process of diffusion of matter or energy?. The relaxa-
tion time 7, characteristic of the after-effect really is the time
required by the diffusion process to restore the equilibrium.

If more than one value of 7 is required to give an adequate

1 R. pE L. KRroNIG, Z. techn. Phys., 19 (1938) 509; J. L. SNOEK
AND F. K. pu PRrE, Philips Techn. Rev., 8 (1946) 57.

* The word ‘‘diffusion’’ is used here in a slightly more ge-
neral sensc than usual.
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description of the after effect, it is not necessary to assume
that as many different mechanisms of diffusion are invol-
ved, as there are values of r. For diffusion the general rela-
tion holds

—

Ax2=2Dt

where 4 x2 denotes the average distancc covered by the
diffusing particles (or energy), D the coefficient of diffusion,
¢ the time.

Variations in the value of r may be caused by variations
in A x% as well as by variations of D, and it is not possible
beforehand to decide between these possibilities. These vari-
ations on the other hand may be the result of some secondary
structure in the material.

The above rule being accepted — and there is little reason
to doubt its general validity — it follows conversely, that
the study of after-effect informs us about the properties of the
diffusion mechanisms involved and thus may contribute to
a better understanding of what is going on inside a solid.

The magnitude of the effect (by this we mean the ratio ¢, /¢y)
in many cases provides a first indication of the relative impor-
tance of the diffusion process involved for the phenomenon
we are studying. When ¢,< ¢,, there is usually only a very
loose connection between the after-effect and the diffusion
process. As an example we take the thermo-elastic effect
studied by ZENER 1. it is known that substances having a
positive (or negative) coefficient of expansion become warmer
(resp. cooler) on compression. If in the course of a cycle an
appreciable interchange of heat with thé surroundings takes
place, an after-effect is the result. It is well known that the
prevention of such an interchange does not influence the
elastic constant to a great extent. Thereforc the loss angles
involved with clastic after-effect due to thermal currents will
in gencral not be large. _

Larger loss angles are to be expected, if the diffusion affects
the wholc phenomenon, as is e.g. sometimes the case with

1 C. ZENER, Phys. Rev., 52 (1937) 230; 53 (1938) 90.
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paramagnetism. Large phase angles between the force X and
the displacement Y are consequently found here, provided
this angle is defined in the right way. If d were defined as the
angle between B and H it would be very small in the case
of paramagnetism. This is fully explained by the fact,
that the contribution of the paramagnetic substance to the
magnetic displacement is only small when comparea to the
contribution made by the vacuum. The latter of course is
unaffected by after-effect. If on the other hand é denotes the
angle between I and H, large angles may be found in para-
magnetics in those frequency regions, where the diffusion
process, which is essential for the establishment of magnetic
equilibrium, is affected.

We have seen, that the quantity e,/ey informs us about the
relative importance of the after-effect for the phenomenon
we are studying, while r informs us about the velocity of
the diffusion process. If nothing more is known, we know
very little yet about the physical cause of the after-effect.
To get further we shall have to try our luck and make
an atomic picture, which seems to meet the case well. An
analysis of the influence of temperature and of the chemical
composition on the phenomenon will take usa long way towards
solving the problem, but more often will not supply us with
the necessary information.

Fortunately there is still another point of view, which may
prove useful. In general diffusion is only possible for

a. heat
b. ions (or atoms)
c. electrons

Of a) we have seen an example in the thermo-elastic effect.
On b) we will dwell while dealing with the effect of carbon
and nitrogen on the magnetic properties of iron.

After-effect due to clectrons has hitherto been found only
in studying paramagnetism and acoustics. In this volume we
will show that certain after-effects found in ferromagnetic
metals as well as in non-metals probably must be ascribed
to the diffusion of electrons.
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Apart from the newly discovered particles, which are impor-
tant in nuclear physics, no other possibilities seem to present
themselves. We therefore are justified in dividing the after-
effects into three groups, which may be named thermic, ionic,
and electronic after-effects respectively.

§ 14. DisaccomMopaTioN (D.A)

The phenomenon of disaccomodation (occasionally shortened
to D.A. in the following) was studied by C. E. WEBB and L. H.
Forp in a brlliant paper !, which we recommend studying.

It was called by them time decreasc of permeabslity in order
to stress what they thought to be the main feature of the phe-
nomenon, a gradual and seemingly spontaneous decline of the
initial permeability in the course of time.

In this respect the phenomenon obviously strongly resembles
the phenomenon of aging in iron and steel, which really is one
of the oldest known cases of precipitation hardening.

The French using the term , vieilissement 1éversible’’ or
““reversible aging” want to express at the same time the fun-
damental difference existing between D.A. and other aging
phenomena, namely that the effect can be reproduced at will
merely by subjecting the material anew to a magnetic (or
mechanical) shock.

The magnetic field itself being the cause of an inner distur-
bance in the material, it will be clear at once, that a study
of the phenomenon is best made by measurements of the
initial permeability u,.

For a ‘“‘magnetic shock” the best treatment to be chosen
obviously is a treatment by which no polarity is left in the
material. This can best be accomplished by subjecting the
material to an alternating field, which initially should be
sufficiently strong to produce magnetic saturation and then
is allowed to decline gradually towards zero.

After the demagnetizing trcatment a determination of u,
should of course take place as soon as possible. As a rule this
quantity when measured by means of a small alternating

V' C. E. WEBB aAND L., H. Forp, J. Inst. ¢l. Eng., 75 (1934) 787.
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current is found to change very rapidly with time, so that
a determination of the true ‘“‘initial” value of the initial permea-
bility is a matter of some difficulty.

If the demagnetizing treatment is carried out well, the
curves indicating the variation of u, with time prove to
have the same shape regardless of any previous mag-
netic treatment, and the term ‘“reversible aging”, apart
from the paradox hiding in it, thus seems not wholly out of
place.

As shown in a formai theory developed by us in 19381,
D:A. must be expected to occur only in substances which are
spontaneously polarized, and there it should be always
accompanied by magnetic after-effect (M.A.) at practically
the same rate of change with time. D.A. represents only a
very special aspect of after-effect in materials having a com-
plicated secondary structure.

The fundamental fact underlying D.A. evidently is, that
the situation B=0, H=0 aimed at cach time by the
demagnetizing treatment, represents no well defined state,
the division of the ferromagnetic material into ‘‘domains”
separated by ‘‘Bloch zones’ being possible in a number of
different ways.

In their newly found positions the Bloch zones or the domains
as a whole evidently find some means at hand to adapt
themselves gradually to their new conditions.

In the special case of iron containing some carbon or nitrogen
in solid solution it is even possible to specify very clearly the
way in which this adaptation takes place. This has not yet
proved possible for another case of D.A. found by us to occur
in certain ferromagnetic non-metals, which will be described
in § 17.

§ 15. DISACCOMODATION AND MAGNETIC AFTER-EFFECT

IN a-IRON (IONIC AFTER-EFFECT)

In Physica 1938 we have deduced from certain characteristic
features of the phenomenon of D.A. a formal theory explaining

1 J. L. SNoOEK, Physica, 's-Grav. 5 (1938) 663.
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the latter in terms ot magnetic after-2ffect. The Bloch zones
are supposed to develop certain potential minima at the place
where they have been resting for a sufficiently long time, and
thus it becomes increasingly difficult to make them move in
a lateral direction.

So far the theory is very general and very formal. In the
same paper however a more special hypothesis was made on
the nature of these potential minima. It was suggested that
the magnetostrictive stresses in a material showing elastic
after-effect were responsible for the formation of these local
potential minima.

The fact that the samples of a-iron under discussion (by
a-iron we mean iron alloys having a cubic body centered
lattice) show indeed elastic after-effect and that the magnetic
after-effect is absent in samples not showing the elastic effect,
of course already bv itself lends a strong support to such a
hypothesis.

To our suggestions the objection has been made that the
magnitude of the magnetic effect surpasses the magnitude of
the elastic effect several times 1.

To this objection the answer is that our calculations made
in 1938 already allowed for a magnetic after-effect, which
may in principle be made arbitrarily strong as compared to the
clastic after-effect.

At that time however it was not yet clear what is the
main factor determining the static value of y4 in a-iron.

According to more recent views unmagnetic inclusions
must be held mainly responsible for keeping the initial permea-
bility of a-iron down.

It is the object of this note to calculate the ratio of the
magnetic after-effect to the elastic after-effect from the value
of the coercive force, assuming that the hysteresis in a-iron is
wholly of the inclusion type.

We have quite generally

dI dI dH

= - (34)
dH dx dx

! B. and D., p. 267; Grundlagen, p. 81.
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in which x denotes the displacement of a Bloch zone. In this
. . drl. . . d
expression the quantity T is an immaterial constant but o
x X
is to be calculated in its dependence on various factors.
According to general theory ! formulated by M. KERSTEN
we have

1 y dO  dy
H=—_ (£ =2 4+ 2% 35
21 hax (0 dx + dx) (3)

where y as before denotes the intrinsic energy of a Bloch zone,
O the active surface and I'p,¢ the saturation value of the mag-
netization.

We write y as the sum of two terms, ¥, and y, (= ¥ f (x))

y=y+ys=2E;. 0+ %.22E . 0f(x) (36)

where y, represents the anisotropy encrgy and y, the mag-
netostrictive energy; the value of f (x) is very near to 1.

Assuming E;= 14 X 10° erg/cm3 the Young modulus
E =2x102dyn/cm?,the magnetostriction 2 = 1.8 X 168, values
all holding for pure iron, we find for the ratio from y. to y,

Va -y,,,z-.}.).?.E 324

7z Vm 22 1673 ~0.001 . (37)
14U 41 2E; 280

This result might induce us to imagine that y, is wholly
unimportant with respect to y,. For y itself this is true. However

. d . . . o d
in =¥ the term c-ll' provides the main contribution, Ey-l
] "

being zero.
We thus are led to simplify (35) to
H— L (n 40 _ dy (38)
2lhax \ O dx  dx

The inclusion model leads to the expression

! M. KERSTEN, Phys. Z.. 44 (1943) 63.
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140 _ o % (39)
0O dx s?
s denoting the distance between neighbouring inclusions.

If ¢ is the magnitude of the elastic after-effect, then it can
casily be shown that cy,, is the total amount of energy lost
per cm? in_the Bloch zone as a result of the adaptation of the
magnetostrictive stresses by means of elastic after-effect.

d . s
In order to calculate d-—yf as a function of x, it is necessary

to make some assumptions about the form and the width of
the potential minimum created by the elastic after-effect. We
shall assume that the potential is a quadratic function of x
and that it has retained its normal value, as soon as the Bloch
zone is displaced over a distance equal to 4. \We then may write

X

2
Yo (x) = C("é‘) Ym+ (1 —6)Pm (40)

from which follows for H:

X 2n 2c
H = d—=. . 41
Sy (s2 ntg "'") )
and for QH:
dx
dH Y, S Sl
dx Imaxs? ( + 6 n )’1) ]maxsz( +0 42)

The magnitude of the second term between brackets decides
the magnitude of the magnetic after-effect. For the ratio R
between the magnetic and the elastic effect we find

C 1 [s)\2

R=——_--—.( )"’1. (43)
¢ 6/ n

From the fact, that s<€ 0 we seé at once that this ratio

may be larger than unity, notwithstanding the fact that Ye

"
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is not larger than 0.001. In order to calculate R it is advisable
to substitute in (43) the formula for the coercive force H,

=2 n 2
2 Imax ¢
which leads to
-
R= i ~E (44)
0 4H,.1

The coercive force of the iron used by us being equal to about
0.1 QOersted we find for R:

R=i.§:‘§~—d~20* (45)

o 68 o

and thus we are led to a value for R greatly exceeding unity.
To this it may be added that the value of 4 used in deriving
(45) is the one valid for the (100) direction. In other directions
very much larger values occur. Inside a Bloch zone we probably-
have to do with a mean between all these values.

The conclusion is that the magnetic after-effect in a very
pure iron may indeed exceed the elastic effect by a large factor
and that the cause of this is the relatively large energy gradient
set up in the immediate neighbourhood of the Bloch zone due
to this comparatively narrow zone ‘‘digging itself in”.

§ 16. ELASTIC AFTER-EFFECT IN d«-IRON

Ever since our discovery that minute amountsof eithercarbon
or nitrogen are capable of producing elastic and magnetic
after effect in the iron lattice, the closer study of the elastic
effect has been demanding our attention 1.

In 1942 a detailed theory of the effect was developed by us,
leading to interesting consequences, which can be testcd by
experiment.

* Phys. Z., 44 (1943) 73, Fig. 4.

1 J. L. SNOEK, Physica, 6 (1939) 161, 321, 591, 797; 8 (1941)
711; Ned. Tijdschr. v. Natuurk., 7 (1940) 133; 8 (1941)177; Physica,
9 (1942) 862; Chemisch Weekblad, 39 (1942) 1.
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The absolute magnitude of the effect for carbon could be
related to the cell dimensions of tetragonal martensite in a
very simple way. An experimental test of this relationship
has been carried out by DiJKsTRA. He was also able to verify
our prediction that in the (111) direction the effect would
be found to be zero.

For his quantitative determination of the relation between
the elastic after-effect and the concentration of the carbon
or nitrogen atoms D1JKSTRA had no direct means of measuring
this concehtration at his disposal.

He had therefore to make use of measurements of the
increase in the specific electric resistance p as a means of
determining the number of solved atoms present.

The constant relating this increase 4 g to the concentration
was determined separately on polycrystalline specimens having
a more suitable weight and form.

Before describing DIJKSTRA’s experiments and results we
will give a short account of the theory developed during the
war. A more rigourous mathematical treatment has been given
by POLDER (cf. Appendix IV).

Geometrical considerations have led crystallographers to
suggest as possible locations for the C-atom in the cubic body
centered lattice of iron the following positions (Fig. 15)

(3, 0,0) (0, 4, 3) (xpositions)
0,3 0) (4 0, §) (y-positions)
0,0,3) (4 1 0) (z-positions)

Identifying the x-axis of an orthogo-
nal system of axes with the (100)
direction, vy with (010), z with
(001), it is seen that atoms in
x-positions lie midway between iron
atoms connected by a line along
(100), causing these atoms to be
separated from each other slightly Fig. 13.
more than the other neighbour- Fossible locations of C and

. . ) . N (H) atoms in the lattice
ing atoms. Likewise the occupation  of a iron (x-positions).
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of y-positions causes the lattice to expand preferentially in
the direction of the y-axis, while z-positions do the same
for the 2-axis.
As there are in total three times as many x-, y- and
z-positions as iron atoms, while the molar concentration of
the carbon does not greatly exceed 1%, of course only a very
small fraction of the available positions will be occupied.
‘In the abseace of any external forces and assuming that at
room temperature diffusion is still possible to a limited extent,
it is natural to suppose, that in the mean equal numbers of
the x, y and z positions will be occupied, the lattice thus
remaining in the mean cubic. The explanation of the aftei-
effect now is, that if an elastic pull is exerted along one of
these axes, the distribution of C atoms over the x, y and z-posi-
tions is changed, so as to favour an extension in this direction.
Following purely thermodynamic lines the calculation of the
cffect along the (100) axis may run as follows: if 4, is the elastic
part of the (longitudinal) deformation, 4, the part due to the
excess of C-atoms on x-positions found there after due time,
we have

p ,

= — - 4()\

11 E’ ( /

DA p—

Ay = .Ac, 47)
: dd ¢ ‘ (

where # is the pressure and A4 ¢ the excess (molar) concentra-
tion of the occupied x-positions over the y or z-positions. As we

shall show later on, the constant ;—3— in equation (47) can
c

be calculated from the cell dimensions of tetragonal marten-
site and is found to be equal to 0.58:

dA
d4c

1 Later observations by K. HonNpA AND N. NisHivyama, Sci.
Rep. Toh. Univ., 21 (1932) 299 and by G. HAGG, Stahl u. Eisen,

A
54 (1934) 1328, lead to a somewhat higher value for S-A—cmaking

the agreement between theory and experiment better than beforc.

= 0.58 (48) !
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The entropy S per mol depends on the molar concentrations
¢z, €y. ¢g of C-atoms located on the x, y and z positions respec-
tively; hence:

—S =R (csIncy + ¢cylney + c;In ). (49)

An excess 4 ¢ in the molar concentration of x-positions arises
by putting

Cr=co+ 34 x. cy=te;=¢c,—%}4c (30)

(¢o 1s equal to onec third of the molar concentration of the
carbon atoms). Developing & into a Taylor series we find for
— A48
dazs 1
—A4AS=2.(4c);P. — =1 . (dc). —. o1
Aot =4 (Mot~ 5
Putting V for the molar volume of a gram-atom of iron, we
find for the thermodynamic potential per gram-atom

p=U—TS + Vp (4 + 4) (52)
and require b;; to be zero under conditions of final equili-
brium. dde

We find using (49)
dp , RT hY .
=2 . —  Ac—V.p.—— =0, 53
d4c¢  * ¢, 4 ddc (53)

whence follows for 4 ¢

Vp DA
Ac=3%. L. ) M
‘=i Rryac ™ (>4)
and
A E.V [ M\
23, 3 . 55
A TTR.T (DAC) ‘o (53)

Formula (35) gives us the ratio 4,/4, which may be deduced in
several ways from experiment in terms of the molar concen-

tration C = 3¢, and the constant , which we are now

1o discuss. ¢

Research 19—4
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The quantity bZ—}' could be measured, if one succeeded in
¢

fixing all C atoms in x-positions and measuring the resulting
increase in length in the x-direction. It is highly surprising and
most satisfactory that
nature has done so for
us in the well-known
| quenching product: te-
tragonal  martensite.
E.C. BaiNy and ANGEL
" ! St. JouN have supplied
< . us with a picture of the
~P— martensite  transfor-
mation as early as

Fig. 18. 1924. * As supposed by
Crystallographic model showing the (tetra- -
wonally deformed) body centered lattice inside these aUth_o'rs and a’ﬁe‘
the enbic face centercd lattice. wards verified b}' X-ray

analysis, the transfor-
mation from the y to the a-state takes place essentially in
the way suggested by Fig. 16, where it is shown, that the
face centered lattice already contains a body centered lattice
cxtended in one direction by
a factor V/2. By compression
along this direction a cubic
body centered lattice is formed. '
The C atoms which in the
y-latticc were lying in the cen-

!

§

——
#

P D I S

294
&9
tres and in the middle of the |
cdges of the cubes enter just /A/
thosc positions in, which we *—+==—J"_""T1,
have called x, y or z-positions. ¢ a7 o a6 & @ 6w

Once this has been realized, Fig. 17.
it is easy to calculate from the Cell dimensions of tetragonal mar-
data supplied by G. KuRrpju- tensite as a function of the carbon
;K oy f h content. Mcasurements by G. Kurp-
Mov and E. KaMinsky for the jusov and E. KawniNsky. (Z. Phys.

cell dimensions of tetragonal 53 /1929) 694.

1 12 C. BaIN, Traus. Am. Inst. Min. Mct. Engrs, 70 (1924) 25.
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-

. . : o4 .
martensite (cf. Fig. 17) the quantity SAc taking for 4¢

the concentration of the total amount of carbon present.

The experimental determination of -A—g was carried out by
1
Di1JksTRA along the same lines as previously indicated by
the author: the decrement of a particular form of pendulum,
in which the specimen in the torm of a small rectangular strip
provided the restoring
force, was measured [ Lm}‘ l
visually for various 6 |- !
temperatures. Bv : |
plotting the result q /"\ /},\4
against the tempera- / . \
ture (Fig. 18) the ef- o T K
fect of carbon is / / \
separated from other oL |
damping in1luences. e 0 0 XD
The height of the Fig. 18.

maximum is directly D;?xr}ping maximum observed in uron con
. taining a few hundredths of a percent of
proportional to 2,/A,.

carbon in solid solution.
The specimens were

small rectangular strips measuring 50 X 3 x 0.15 mn: cut
from single crystals prepared following the method of cntical
stress. The orientation of the crystals was determined ap-
proximately by measuring the main loop: the measured height
of the remanence immediately tells us whetheri111] or {100
is very near to the direction of measurement. In this way it
proved possible to lay hands on several specimens having
about the above-mentioned orientations. The coercive force
of these samples was about 0.15 Oersted, indicating a reason-
able magnetic purity.

Loading with nitrogen was done by giving the sample a
heat treatment at 600° C for several hours in an atmosphere
of hydrogen containing 49, of ammonia. Carbon was introduced
by annealing the sample at 700° C in hydrogen which had
passed over naphtene.

ox
~NN

— -4———T-. B
-+ — uj»—————-a«
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A first experiment consisted of testing the anisotropy of
the effect. Two samples of single crystals were repeatedly
“nitrogenized’” and “‘carburized” in the same oven and their
after-effect measured.

The sample having a [100] axis nearest to the direction of
stress proved to have an after-effect fifteen times stronger
than a sample having a [111] axis near to that direction. The
effect is therefore clearly anisotropic. Most probablyunderideal
conditions the effect in the [ 111] direction would be exactly zero.

Next came the detcrmination of the magnitude 2,/4; of the
effect in the [100] direction as a function of the amount of
carbon dissolved in the iron. The only difficulty in these
experiments was the determination of the carbon content.
Chemical methods being impracticable for such low concen-
trations as a hundredth of a percent by weight and more-

over leading to the
Lo ' destruction of the
. - 711 sample,it was decided
L 4] ~~1—— to use an indirect
| ,/, | method. By suitable
L Z o _ arrangements it pro-
) 7 ved possible to deter-
’ mine the resistance
/ m o S S S of the samples with
yd — anecrror of less than
0.1°/, without dama-

o .
—ap ging the specimen or

‘o r ¥ig. 19. soldering any con-
slastic after cffect vs incrcase in clectric . ~ :

resistance due to the introduction of carbon tacts O,n it. The lr,l_
in iron (measurements by Dr DiyksTRA). creasc in the electric

resistance  brought
about by the addition of carbon could thus be determined
with sufficient accuracy to be used as a means of determining
the amounts taken up by the specimen.

Calibration of the clectric method was done on a polycrys-
talline sample of suitable form and weight (a bar weighing
16 gram and having a diameter of 5 mm). By carburizing
this bar under consrant conditions for a sufficiently long time,

‘F

1
i
[

S 8 8 §

£
x\

2
\

Carbon contest @ frections cf one hundredth por cont
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quenching it in oil and carefully determining its increase in
weight the amount
of carbon taken up
could be determined.
Figs. 19 and 20
show that the expec- ?
ted linear relation-
ships between thc
(uantities A,/4, and

|
{
i
i

EEE 7
BTN

A

R e I, U W—

— -

o 8 E &8 E 8§

as well as be-

AR g o 9z a3 2
tween and —

R v .

R oy Fig. 20.
are indeed fulfilled. [F Relative increase in weight vs increase in elec-
Frem them we tric resistance due to the introduction of carton
deduce that 0'01% in iron (measurements by Dr. Di1jKSTRA).

4R A
by weight of carbon leads to R 2.5% and to ;-: =: 4.3%.
With the aid of equations (48) and (53), one finds%? = 3.2°/
1
In Table [ we give, besides the above mentioned data on

carbon, additional data of the same kind on nitrogenized
samples and also some data for polycrystalline samples. The
latter arc of course subject to some uncertainty due to texture.

o*

TABLE I

Effect of the addition of 0.01Y, by weight of cither C or N on the
clastic after-cffect and the specific clectric resistance of pure iron.

Nitrogen [100]

Carbon [100] °
ircction

direction Carbon polycrystalline

A 4R a4 4R a2 dR

A R A R A R
0.043 0.025 0.015—0.030 0025 0.032 0.035
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§ 17. A NEw TYPE OF D.A. AND M.A. IN FERROMACGNE1IC
NON-METALS

Before passing from the low frequency after-effects (1.f.M.A.)
to the high frequency after effects (h.f. M.A.) it is perhaps
worthwhile recording here a newly found case of after effect
and D.A. in non-metals, occupying an intermediate position
between the two classes of phenomena.

Mixed crystals of Mn O . Fe,0,; and Zn O . Fe,0,, especially

| ! ; T
500} :
?’ st
-7 -
Wt
§ﬁL~~~-
m——-:-q.._'.ﬂ?: L o -+ - --?.—
200t
100t
138c. 71 how ({fday |Yweek [}/ 11 l
I, J
ﬂ"'ﬂ“’ﬂ"lﬂﬂ'ﬂ'ﬂ‘ﬂ‘ﬂ‘ﬂ’ho‘v’o”
—_— )

Fig. 2:.
Ho Vslog ¢ as observed on a ferrite at two different temperatures. Here is a case,
wherc one value of = clearly does not suffice to describe the variation ot u,
with time. Note the very long time required to obtain equilibrium conditions
and the very rapid initial changesin p,.

those containing some Fe,0; in excess. were found to show
In some cases strong D.A.

Contrary to our findings for a-iron the effect could not
be described by onc time of relaxation, appreciable changes
in u, taking place in the second minute after demagnetization
as well as in the second day or month. By demagnetizing with
the aid of a high trequency current and photographically
recording the initial permeability (measured also by means of
a high frequency current) true “‘initial” values for u, could
be determined with sufficient accuracy, observations being
made within 0.1 second after the beginning of the demagnetizing
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treatment. It seems that a state of equilibrium is not reached
until after many years. This is shown in Fig. 21, in which u,
has been plotted against the logarithm of the time for a ferrite
containing 23.5 mols Mn O, 22.5 mols Z»n O and 54 mols Fe,0;.
This fact of course makes a further analysis very difficult.
Neither does it encourage a quantitative determination of the
temperaturc coefficient of the effect.

Measurements at low temperatures (— 60° C) clearly revealed
however that on cooling the relaxation times are increased,
so that probably an activation energy is involved.

It seems probable that such large variations in 7 as do

198c 10sec 180 " 1oy

e A L I

T T T
?jt 42007200 -

1!

]
I I O

! 0 2000

—— f(s8c)

Fig. 22.
Magnetic after cffect observed in the ferrite of Fig. 21.

actually occur in one specimen at a given temperature arc
due to the activation energy not being constant throughout
the material. This energy itself seems to be of the same order
of magnitude as the activation energy of the C and & ions in
the lattice of a-iron (10.000° K).

There seems to be some reason to suspect an ionic after-
cffect here too. However, none of the metal ions seems to
capable of diffusion at room temperature, so that more
probably the effect is an electronic one. It might perhaps
be compared to the phenomenon of fluorescence.

Our formal theory of D.A. immediately led us to cxpect a
magnetic after-effect (and possibly also an elastic after-effect).
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A magnetic effect was found indeed (Fig. 22) but a search
for an elastic effect was fruitless. The adaptation of the Bloch
zones to their surroundings therefore seems of a different type
here than was encountered in the case of ions of C and N
migrating in the iron lattice.

Summarizing we are inclined to suggest that the pheno-
menon really is an electronic one, a 3d-electron apparently
being brought into a state of increased energy by the magnetic
treatment.

In this respect it would more or less resemble the high
frequency after-effects to be discussed in the following sec-
tions, which in all probability are due to migrations of
clectrons.

The main difference would be that in the case of the man-
ganese ferrites a d-electron apparently is caught in some “‘trap”,
from which it can be freed only by thermal agitation, whereas
in the high frequency effects the activation energy is either
absent or small.

§ 18. MAGNETIC AFTER-EFFECT AT HIGHER FREGQUENCIES
(n.F. M.A.) (ELECTRONIC AFTER-EFFECT)

Phenomena of M.A. at frequencies of the order of 1 kC/sec and
apparently not seriously affected by changes in the temperature
have been repeatedly reported in the litcrature. Two methods
of measuring in the main were followed: first of all the magnitude
of the permeability was deduced from measurements of the
clectric . skin cffect on solid wires . A shortcoming of this
method is that an cxtrapolation of the results obtained for
high frequencies via the region of lower frequencies down to
the static value of u, is usually omitted.

A comparison of the high frequency value of «y to the
“static’”’ valuc obtained from ballistic measurements on one
and the same specimen of pure and well-anncaled iron was
carried out by us. It revealed for pure iron in the anncaled

~

''Cf. M. J. O. Strurr aND K. 3. KNor, Physica, 7 (1940)
635, where an extensive list of literature is also given,
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state the existence of an important dispersion region below
100 k C, which had hitherto escaped notice 1.

A more direct and conservative method of measuring h.f.
M.A. has been followed by H. JorpaN,*® who made very
careful a.c. measurements on laminated cores used in telephony
and thus obtained evidence of the existence of small after-
effects at frequencies "as low as 4 kC. This method closes
the ,,gap’”’ between measurements made at high and thosc
made at low frequencies, but it unfortunately does not allow
measuring at very high frequencies.

H.f. M.A. of course is most easily studied on non-metals.
It was found by us to occur there in abundance and in various
forms. Nevertheless by simply measuring u, as a function of
the frequency on thin laminae of high uq iron, conclusive
evidence of the strong h.f.M.A. in metals could also be obtained
and will be described at the end of this section.

Experimental evidence obtained with both classes of materials
point to one and the same conclusion: an increase in t, generally
is accompanied by an increase in the time of relaxation. Con-
versely when wishing to ban M.A. to the regions of very high
frequencies, improvements can as a rule only be obtained at
the cost of a marked reduction in the value for the permeability.

Considerations of this kind finally led us to a conception of
a theory of h.f. M.A., in which the effect is eyplained formally
as a frictional force acting on the Bloch zones. In this way
the general effect of changes in «gy on the value of the critical
frequency is easily explained, as we will show presently. Quite
generally we have for the “‘static” value of the initial suscep-
tibility 7,

dl dH .
Xo= oo (D6)
x denoting as before the displacement ot & Bloch zone, I the
ssturation magnetization. The derivation of this relation i«
founded on the equation

1 J. L. SNOEK, Physica, T (1940) 515.
2 H. JorpaN, El. Nachr. Techn., 1 (1924) 27.
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dH
H=".x (97)
dx

connecting the “equilibrium’’ value of » with the value of the

magnetic field H by means of the constant %—I—i Now in order
x

to generalize (56) by introducing a frictional force we only
have to put

T (58)

x denoting the variation of x with time (the reason why the
constant before % is given the form A-1, will become apparent
in the next section). On putting H = Hyei®* and y = y, . efo*
we readily find for y as a function of o

dr7
dx 1
. ——— TR | em——— 59
A (w) dH R j(') /-0 1 ’ P ( )
d‘!' ' .4 _f_ (’,t'

the critical frequency being given bv

g = A S (60)
dx

Equation (60) is useful in explaining the effect of temperature
on the after-effect of copper zinc ferrite (Cf. § 24).

If on the other hand we wish to investigate the effect of
an annealing trcatment on g, (60) should be put into the
form :

a/

(')c' . Z“ = 4 . (T;. “’Sl)

. 1/ .
We may safely assume 4 and(l— to be independent of the
dx

heat trcatment. It is then shown by (61), that in measurements
carried out at the same temperature on samples which have
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been heat-treated in various ways (., may be expected to
vary approximately inversely as the permeability.

An indication, that w,, decreases with increasing u,, i$ given
by the following experiment: WoLMaAN ! as well as ScoTT?,
by comparing the measured changes in L and R of a coil
containing a laminated core of a ferromagnetic allov with the

N .

) TN

Fig. 25.
L
Curve showing the variation of B o Z with frequency for a laminated

o
core of perinalloy. py = 5100; p = 177% 10~ ¢ ohm. cm; d= 0.34 mm; f = 254

calculated changes, have found that apparently some other
factor besides eddy currents is causing a time delay between
B and H at frequencies above 1 kC. Fig. 23 shows Scorr's
results. The same kind of experiment was carried out by us in
1940 on an iron sample having an appreciably higher value
of u,. The results of vur measurements are plotted in the same
way as done by ScorT (Fig. 24). Obviously the after-effect has

! W. WoLMAN, Z. techu. Phys., 10 (1929) 69¢.
* K. L. Scotr, Proc. Inst. Radio Engineers, 18 (1930) 1750
Bell Syst. Techn. Publ., B 620.
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Curves showing -I: for a sample of pure iron (measurcments by KOHLER and

Koops). uo = 1450; p = 9.8 X10—8 ohm. em; d = 152 micron; f, = 3100.

shifted to lower frequencies, thereby suggesting that indeed
an increasc in y, causes i to decrease.

§ 19, THE EXPERIMENTS OF SIXTUS AND TONKS ON LARGE
BARKHAUSEN DISCONTINUITIES

The hypothesis mentioned in the previous section requires
a further foundation upon facts. As will be shown, evidence
of the most convincing kind would be obtained, if one suc-
ceeded in obtaining large BARKHAUSEN discontinuities in a
long cylinder of a ferromagnetic non-metal made anisotropic
by clastic stress. Omitting in cquation (58) the term which
accounts for the internal stresscs and the inclusions we obtain

x=v=A.H. (62)

indicating that Bloch zones may be expected to travel in non-
metals at a rate directly proportional to the field H and inversely
proportional to the frictional constant A4-1.

Though evidence of thic kind for non inetals is still lacking,
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1t 1s highly satisfactory that the data obtained by K. 1.. Sixtu~
and L. TonNks! on elastically stretched wires of nickel
iron strongly support our hypothesis. In these experiments
» was found to be proportional to H — H, where H, isa
constant neasuring the effect of hysteresis and tends towards
zero if the influence of the hysteresis is diininished. For
hysteresis equal to zero we obviously may cxpect a relation-
ship of the form (62) to hold.

In the summary of their first paper on this subject the authors
declare categorically: ‘“4 is nearly constant for changesin
tension, in diameter of wire. for composition of wire and is
the same for a strip. Its value is approximately 25,000 cm
scc7l gause!”

In the second paper * this importaut result is camouflaged
more or less by attempts to bring it in harmony with certain
formulae for the penetration time d¢ developed under the
assumption that eddy currents are the sole cause of the retarda-
tion of the Bloch zones.

At is calculated to

AT

oty =3.94.108 . 2%, , 63)
1 a oA H (63)
whereas the cxperiment gives
Oty == 3.9 . 108 .0,0354 . -—AL (64)
o.4H

In these formulae a is the radius of the (circular) wire, 4/
and 4 H represent the discontinuities observed in [ and H at
the Bloch zone. No explanation for the discrepancy betwecen
(63) and (64) 15 offered by SixTus and ToNKs.

Examining the experimental results in the light of our
theory of magnetic after-effect, it is evident that thcy can be
interpreted as follows: The observed time of cannot possibly
be smaller than the calculated time: so it 1s certain that the
experimental formula {64) cannot hold for valucs of @ much

1 K. L. Sixtus AND L. ToNks. Phys. Rev.. 37 (1931) 930,
2 Phvs. Rei., 42 (1932) 419,



62 DYNAMICS OF FERROMAGNETISM I

larger than 0.035 cm. Examination of the actual data shows
that indeed no values of @ have been examined, which greatly
ex.eed 0.035 cm (cf. Table II).

TABLE 1I
Diameter 4 H v 4= v
of wire (cm) (Oe) (cm/sec) T AH
0.013 0.39 7.400 19.000
0.63 11.600 18.400
0.87 15.800 18.200
0.97 17.800 18.400
1.21 22.000 18.200
0.026 0.31 6.500 21.000
0.66 15.000 22700
0.038 0.11 2.100 19.100
0.47 8.800 18.700
0.69 13.800 20.000
1.04 21.600 20.800
0.053 0.21 2.500 11.900
0.44 6.000 13.600
0.67 10.000 14.900
)

On the other hand experimental values for 6¢ may be expected
to turn out larger than the theoretical values, if another retar-
ding factor besides the eddy currents is active. The fact that
for small values of the radius ot becomes smaller and smaller
with respect to d¢, shows that for small cross-sections a new
retarding effect prevails over the retardation caused by eddv
currents.

An inspection of the data provided by the authors in their
second paper shows that. for small values of a, A really takes
on constant values.

For larger values of the diameter we find a slight decrease
in A, which no doubt marks the gradual transition to conditions,
where eddy currents are more important than after-effect.
Of course the fact has to be considered, that the Bloch zones
in the experiments of SixTUs and ToxKs are not flat, but have
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the form of a cone. The absolute velocity of parts of the Bloch
zone situated at some distance from the opening of this cone
no doubt is very much smaller than the velocity of the cone
as a whole. The displacement of the Bloch zone will proba-
bly most seriously be hampered by h.f. M.A. at the opening
of the cone, a situation which is just the reverse of the one
met with the eddy currents.

§ 20. THEORY OF- H.F. M.A. (SPIN SPIN RELANATION)

It remains to be discussed how the factor 4 in the relation
x=v=AH (62)

might possibly be explained.

‘The theory advanced here is founded on certain consider-
ations put forward by J. C. SLATER . As shown by SLATER
in 1930 and amplified by K. I'. N1Essex 2 in 1939, the inter-
action energy between two d-electrons mainly consists of a part
corresponding to the situation, arising when two d-electrons
are mecting at the samc ion; the remaining terms contribute
only 1%, to the total energy. In physical terms this obviously
means that the interac‘ion takes place only when two d-
clectrons meet at the saitac atom. During the time between
two such “'meetings’’ according to SLATER'’s picture transfer of
magnetic energy from one spin to another should not be pos-
sible.

We wish to know the order of magnitude of this time t*.
1t is known from general considerations that the frequency
» at which an electron in an energy band is moving from one
atom to another is given by the relation

h.vo E (65)

where £ represents the width of the band (about 5 el. volts
= 5 X 1.59 X 1012 erg in the case of the 3d-band).

Assuming that nearly each “jump” of a 3 d-electron from
one atom to another leads to a fresh meeting between two

1 J. C. SLATER, Phys. Rev., 49 (1936) 537, 931.
* K. F. NiesseN, Physica, 6 (1939) 1011,
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spins — an assumption which seems not altogether unreason-
able — we find for the time t*

7% = 11 _ X 10715 sec. (66)

We now shall try to visualize the actual way in which
a Bloch zone may

1 1 L Y S =i move through a ferro-

| | Va | magnetic body under

. ° L ! thec action of an

i "/ : | external field H. We

B l | I | t suppose hysteresis and

— g ——— ! cddy currents to be
| : absent.

I As the initial state

: l | we may picture a state

. / 1 i | in which by some

L~ o | —+# means or anotl.ler,spins

S -4 3 -2 -1 0 1 2 3 4 S having negative x (x

Fig. 25. denoting a distance

Variation of @ with ! insidc a Bloch zonc from a certain pOint

8 along a direction lying

{6 is the anglc between the spins and thc

field, & the width of a zone, 7 the distance parallel to the external
along an axis normal to the zonc). Dotted  field) are lving anti-
line : curve for H = 0. Drawnout linc : curve - .

for H = 0.1 Hy (H. = the mdlccular ficld par.allel t? the ﬁe.ld'
= k. 8p). while spins having

positive x lie parallel
to the field. (Cf. Fig. 25).

In the neighbourhood of x = 0 the transition from anti-
parallel to parallel orientations takes place in steps covering
a certain number of spins assumed to be of the order of a
hundred.

It is known that in such a model the application of a very
small magnetic field suffices to make the Bloch zone move.

The energy required to accomplish this displacement can
be made very small, indeed virtually zero. The flow of cnergy
taking place from one spin to another during the displacement
is however decidedly different from zero. A certain spin, while
changing over from an antiparallel position to a position
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normal to x, is receiving the required energy from its neighbour,
Afterwards it gives off energy to help other spins to change
position. Once having passed this perpendicular position,
cnergy is gradually passed on by the spin — more being given
off than is received — until the spin lies in a position parallel
to the external field. (The field is always assumed to be
infinitesimally small).

It will be clear, that this energy transfer taking dlace inside
a moving Bloch zome is a process taking some timc and that the
relaxation time t* somehow will be involved in the process.

The calculation which we are now going to give is of a very
provisional nature, but at least has the merit of making a
first “breach” into this very difficult problem.

Following PIERRE WEIss we shall describe the interaction
between spins as a “‘molecular field” acting on the spin and
define the latter formally by '

RO = uB - Hy, (67)

where @ is the Curie temperature, A the BOLTZMANN constant,
/'p the Bonk magneton. If the external field is zero. the
mean cquilibrium of a spin inside a Bloch zone is somewhere
between the parallel and the antiparallel position. If an
external field H, is now applied, this mean equilibrium
position is shifted by an angle ¥ given by

We now assume that each time interaction is taking place
between two neighbouring spins the change of azimuth**handed
over’’ from one spin to another is oi the order of the angle ¥
defined above.

The rest of the calculation is very simple. The total angle
7 over which the spin has to be turned is divided into »
steps. m being given by

n
b

n —=—

= JT. _H_,,, . (69,
H,

Research 19—5
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In the time
[ = n‘t‘* (70)

required for the change over from an antiparallel to a parallel
position, the zone has displaced itself over a distance of the

order of its own width 4. The velocity x = vz—f is thus

=(§:7t.}i”.t*=44.H,,
'
in which
A= 4 (71}
aHptt

With @ — 5007k, 4 == 4.10-3 cm, 4 is found to be equal to 1000
cm;sec”! gauss™!, which is of the right order of magnitude
taking into account the verv rough nature of our estimate.

It remains to Dbe discussed whether the value of 4 thus
found 1is really a constant in the sense indicated by the
cxperiments of SixTus and ToNKs.

According to our theory the external stress would indeed
have some eftect upon A, 0 decreasing as the inverse square
root of the stress. It is known however that the range over
which the stress actually can be varied is not very large. The
prospects for a verification of our statement are therefore not
very hopeful. On the other hand there are no serious dis-
crepancies with experimental findings obtained so far.

The denominator of (71) scems to contain only factors, which
are variable within narrow limits: for instance H,, contains
the Curie temperature @, r the width of the 3 d-band. A further
possible source of variations in 4 is formed by variations
in the ““mean free path” of the J3d-électron. In our provisional
calculation this path was supposed to be equal to one atom
distance

To all practical purposes 4 1s to be considered as a
constant and the experiniental results so far are thus more or
less accounted for. While attempting to find a further justifica-
tion for equations (68 and (69). we have been led to calculate



§ 20 SPIN SPIN RELAXATION 67

the change in the shape of a Bloch boundary zone caused by
the presence of an external field. In order to be able to do so,
it is necessary to assumec that in a certain region spins lying
antiparallel to the field are unable to change their position.

The calculation is very simple. It is given in short form
in Appendix V. Fig. 25 indicates the change brought about by
an external field. The position of the front of the Bloch zone
is characterized by a discontinuity in the first differential
quotient. In a freely moving zone this discontinuity would
probably be absent.

We end this section with a general remark. Theories of
solids as a rule have had as their sole object the explanation
of properties characteristic of the condition of static equili-
brium, such as density, elasticity, etc.

Problems involving time are secldom attacked. As far as
the author is aware only the clectrical properties, and these
until now only very summarily, have given information about
such things as a mean free path and times of relaxation of the
electron. Now an interesting possibility of obtaining information
of this kind is opened up by a study of h.f. M.A. in ferro-
magnetics. Especially in non-metals, experimental conditions
seem most favourable. The present outline is little more than
a first introduction into this new field, which will undoubtedly
take a number of years to explore.

New cxperiments seem to indicale that the theory given above
requires considerable modification. Especially our explanation
of the frictional constant A in terms of a spin spin interaction
s now open to serious doubt.
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III. DEVELOPMENT OE MAGNETIC MATERIALS

§ 21. NON-METALS VERSUS METALS IN FERROMAGNETISM

The use of ferromagnetic non-metals {mainly oxides) is very
old, older perhaps than the use of metals. Permanent magnets
made of magnetite (Fe;0,) are among the first ferromagnetic
objects known. The largest saturation value observed for
the non-metals being only about onc third of the saturation
value of iron, it goes without saying that for all purposes,
where a high value of the induction is essential, alloys having
iron as the main component are superior to the non-metals.

It has been realized at an carly date, that ferromagnetic
non-metals with their high specific electric resistance should
e useful materials for h.f. purposes. With the gradual develop-
ment of metallurgy however, attention soon was turned from
the non-metals and almost exclusively given to metals and
alloys, even in cases, where the high conductivity constituted
4 serious obstacle to their use.

The amount of work spent on the development of powder
cores suitable for use at frequencies ranging from 1— 1000 kC
is enormous. The permeabilities of thesec compound cores
range from about 100 to values of less than 10 for the highest
frequencies.

It had since long become obvious to those working in the
field that at the highest frequencies eddy currents are not the
only source of losses. High frequency after-effects are however
difficult to study on metal cores and their theory did not develop.

As to hysteresis the whole attention spent on this problem
was also turned in the direction of metals. High g-alloys like
permalloy and sendust have been the main result.

In this laboratory the systematic research on ferromagnetic
non-metals both as to hysteresis and as to after-effect was taken
up in 1933 ! and has been carried on during the war with
increasing intensity.

New materials with exceptionally low hysteresis as well as
very low losses at high frequencies have been developed us a

1 J. L. SNOEK, Phystca, 's-Grav., 3 (1936) 463,
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result of this work. For them the general trade name ‘‘ferrox-
cube’”” has been reserved.

The new ‘‘ferroxcube’’ materials are not of course malleable
like many of the metal alloys. They prove however easily
workable by grinding and lapping, and may be given very
flat surfaces at little cost. Joints of ‘‘ferroxcube’ surfaces
tend therefore tu show a much smaller magnetic resistance
than joints in metals circuits. I.aminating of course is no
longer necessary.

Altogether four different types of ferroxcube have up till
now been developed and their usefulness for the most varied
purposes, all of which however involve high frequencies hax
been amply proved.

It will be our aim to describc and explain in the following
sections some of the properties of the ferroxcubes prepared
in this laboratory. Magnetic as well as morc generally physico-
chemical properties are.to be recorded.

To a certain extent the ferroxcubes represent a ‘“‘meeting
place” for certain very general laws found to hold good for
ferromagnetics and some equally general laws which are valid
for all sintered bodies. As few readers are acquainted with
both fields of activity alike, a little more explanation than
usual may be necessary here and there

In respect of the high frequency after-effect (h.f. M.A.)
cntirely new laws have been found, the essence of which has
already been summarized in the introductory chapters. To
cxplain these new results as well as the properties of ferrox-
cube with regard to hysteresis, the derivation of a few new
formulac will also be required.

§ 22. THE CUBIC FERRITES

Substances having the general formula MO . Fe,0, (in which
M stands for a bivalent metal ion), are chcmically known as
ferrites. A number of these ferrites, notably the ones containing
the bivalent ions of Mg, /Zn. Cu, Ni, Fe, Co, Mn have a
cubic structure and can he made to form mixed crystals at
will.
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As pointed out by I'ORESTIER ! the bivalent ions mentioned
above are all about equal in size. Introduction into the lattice
of larger ions such as Pb or the ions of the earth alkalis leads
to hexagonal structures. Polycrystallinc aggregates of non-
cubic crystals generally tend to form internal stresses on
cooling on account of differences in the coefficient of expan-
sion, and, moreover, are as a rule, strongly anisotropic. The
absence both of a strong anisotropy and strong internal stres-
<es is a conditio sine qua non for a low hysteresis. These non-
cubic ferrites se>m of little practical use. Only the cubic struc-
tures will therefore be dealt with.

Our choice of the bivalent ions is then restricted to the
above-mentioned ions with only the possible exception of
Cd and Ca, the ions of which are only slightly too large 2.

A systematic investigation of the magnetic properties of
mixed crystals of the cubic ferrites rcvealed the interesting
fact that those containing zinc ferrite have higher permeabilities
than the rest. This scemed at first the more remarkable, because
zinc ferrite of all the ferrites mentioned is the only one which
is unmagncetic. Ancxplanation was soon found: by adding zinc
ferritc the Curie temperature of a magnctic ferrite is lowered
and the maximum of the permecability always found to occur
just below the Curice point, mav be shifted to somewhere near
room temperature, preferably to a temperature slightly above it
(Fig. 26). The temperature region between 10 and 40° C being
considered important for practical use,the optimum proportions
leading to a maximum for y, between these limits were esta-
blished for mixed crystals of Cu, Mg. Mn and N1 ferrite with
Zn ferrite. The results arve indicated in Table I11.

TABLE III
Optimum pronortions for Maximum g,
obtaining high g, obtained
Cu : Zn = 20 : 30 1500
Mg . Zn = 25 : 25 700
Mn 2 Zr = 25 . 23 2000
Ni :7Zn = 15: 35 4000

' H. Forestier, Comples Rendus Paris, 192 (1931) 842,
? Megsnrements made in this laboratory.
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The maximum values recorded as obtained with these
mixtures relate to ferrites containing the bivalent and trivalent
oxides in exactly the equimolecular proportion.

The results obtained arc dependent on the way in which
these ferrites are prepared.

The most obvious method of preparation, consisting of mixing
the oxides in the required proportion and melting them
together, fails, as the melt gives off oxygen and is morcover
violently attacked by the material of the mould. More refined
methods of sintering which are common in ceramic technique,
but which have also proved their worth for the preparation
of somc alloys, therefore have to be applied. Among them
is the use of an *‘active’’ form of iron oxide.

Even then sometimes considerable care is required as will
be illustrated by the case of the Cu Zn ferrite in § 24.

The test samples on which most of the measurements were
made were prepared by pressing powder in a mould, giving
it the shape of a ring of external diameter 35 mm, internal
diameter 25 mm and approximate height 5 mm. The pressure
applied usually was about three tons’cm?. Before discussing the
results obtained on various ferrites, it will be necessary to
consider in some detail the nature of the measurements carried
out and the formulae used in deriving from them numerical
results bearing on the material.

§ 23. CONSTANTS CHARACTERIZING THE CORE MATERIAL
“FERROXCUBE"’

I'or materials in which skin effect is absent, an interesting
relationship can be derived between the values of tan d and was
measured on a ring and the corresponding values tan &* and
,* measured on a circuit with air gap. We make the usual
simplifying assumptions that no leakage occurs outside the
air gap and that the air flux parallel to the core (which
is assumed to have a constant cross-section) may be neglected.
Under these circumstances the well-known relation

—=— +8 (72)
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holds between the “effective permeability’’ u, and the permea-
bility « of the core material, a denoting the fraction of the
total magnetic path occupied by the core material and f the
fraction occupied by ‘“air’’. We have of course

a+pg=1 (73)

and so we arc able to write

1
-»;—l:a(l-—l) (74)
‘u H

Introducing the reciprocal permeability or reluctivity 7 == —
we have u

‘r—1=a(r—1) (75)
and accordingly
A4y =adr, (76)

where 4 7 is an arbitrary increment in r.

For given values of the maximum induction and the frequency,
the permcability and the loss angle will have certain values
independent of the width of the air gap. This fact can be
accounted for by writing r as a complex quantity

r=0+1io (7N

A .
For not too large values of 9, — is equal to the tangent of the
4
phasc angle o between B and H. By choosing for Ar the imagi-
nary part of the reluctivity we obtain

46" =udo (78)
which on dividing by o’ and o develops into
tan o' -—‘(‘—)_-.a.tané (79)
o

and making use of (74) into

tan o’ tan .0
ano’  tan ".a (80)

’

u—1 wu—1 u'.

10

Equation (80) can be considerably simplified. For not too
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large values of tan 4, v and /' can be identified with their real

parts and the factor ", 9, then becomes equal to unity.
w'.p

A further simplification is obtained by assuming — as is nearly

always the case — that both # and «' are much larger than

unity. We then obtain

tan o’ __ tan o

. (81)
u u
or
R’ R
= 82
w L T 52)
Equation (81) shows that a constant of the form tan or

R . , Lo
s most useful In comparing the values of tané’
u.f.

obtainable on a planned magnetic circuit with given u’, if
core materials are available having widely different values
of tan 0 and u’.

Assuming that between B and H the well-known Rayleigh
relation

B = aH 4 bH? (83)
holds good independent of the frequency, the right-hand term
of (82) can be split into two parts

R _ Ri: + Rr
w.f. L w.f.L w.j.L

= cx. By + ¢y (7). (84)

the hysteresis coefficient ¢j being equal to

Chp = 3 &5
For powder cores and laminated metal cores ¢, may be written
as the sum of an eddy current term «. ./, containing the
frequency f and another — usually very small — term, which
is independent of f and which accounts for the so-called “'residual
losses™ 1.

1 V. E. LeGG, Bell System Technical Journal, 15 (1936) 39,
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For ferrites this subdivision is of little use. The eddy current
coefficient depends on the dimensions of the solid specimen,
but in actual experiments it usually is too small to deserve
special attention. If necessity arises it can moreover be easily
calculated from the measured value of the specific electric
resistance of the core material 1.

The residual losses on the other hand are found to be
anything but independent of the frequency, so that instead
of having a single constant ¢,, we have to use a curve or a
set of values giving ¢, as a function of the frequency. On
account of the frequency region explored (2 —- 1000 kC) being
rather large, ¢, preferably is plotted against log f instead of ;.
In case tan dis large, the value of e will also be found to depend
upon the frequency. In order not to introduce too many data
this variation with the frequency will usually be ignored, the
values given by us applying to a fixed frequency ot 2 kC.

This same frequency was used in the determination of ¢;,. The
hysteresis loop constant is of the order of 10~ and the residual
loss constant of the order of 10-6. It is therefore useful to
introduce the new quantities

Cy = 10%. ¢, and (86)
C,= 104 ¢, (87)

and to use the values of Cx and C, for purposes of comparison 2.

From the fact that (82) and (84) are also valid if the coeffi-

cient ¢, is zero, it follows that measurements of the hysteresis

on circuits containing air gaps can in principle be used for

obtaining information about the material itself. In fact we
have:

R’ R;;
w . j.L  w.j. L

ch . Be.

1 Due precautions have to be taken, that these measurements
are not falsified by the presence of surface layers having dif-
fcrent  properties. By using a sonde method this source of
crrors can easilv be circumvented.

* (1. V. E. Lece, Bell System Technical Journal, 18 (1939) 438S.
It will be found that our Cj is identical to the hysteresis
cocfficient @ x 108, used by LkcG mn Table-1V.
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This relation may be made use of, when hysteresis losses are
measured on a powder core. Actually the results obtained
on a powder core are very often considerably inferior to what
might be expected, taking as a basis data obtained for the
same material in the solid form.

The causes for this decrepancy are obvious: on the. onc
hand it is very hard to make sure that the powdered material
is in the same magnetic condition as the solid material,
with which it is compared. A second and most probably more
important reason why the properties as to hysteresis of a
loading coil are nearly always below expectation, lies in the
fact that the air gaps are not of uniform widths. Varia-
tions in the width of the air gap lead to local concen-
trations of the flux, which in turn may lead to increased
hysteresis. It is impossible at present to separate these two
effects.

With circuits containing the solid matenal ferroxcube,
having one or two air gaps of exactly uniform width equation
(66) may be expected to hold accurately. Its actual validity
has been tested repeatedly by W. Six of this laboratory
for various practical cases. Therc is no difference at all
between the materials used in an open and in a closed
circuit. For these and other rcasons magnetic circuits built
with ferroxcube cores compete favourably with circuits built
for analogous purposes with powder cores (Cf. § 26).

A further advantage lies in the fact that the properties
of arbitrary magnetic circuits containing ferroxcube can be
calculated with reasonable accuracy from data obtained on
the ring.

It goes without saying that the valucs of g/l measured on
a closed ring with a permeability of two thousand are much
more casily accessible to mcasurement than those occurring
in a circuit in which the permeability u’ has been reduced
to a value of onc hundred by mecans of an air gap.

If the non-linear distortion present in the air gap is of the
right magnitude it is so small as to make a direct determination
impossible. This is one of the reasons why in specifications
set up by the responsible authorities, limitations are only



76 DEVELOPMENT OF MAGNETIC MATERIALS II1

imposed on the value of I3/L and not on the magnitude of the
higher harmonics, which is the more important quantity.

The direct determination of the non-linear distortion on
rings made of ferroxcube is within the range of possibilities
and has actually been carried out by J. W. L. KSHLER and
C. G. Koors of this laboratory on many samples. Let

denote the ratio of the voltages caused respectively by the
third and the first harmonic in the magnetic circuit.
Between © and Ry/L the well-known relation exists

v == 0.0 F\i , (89)

ol.

Let further 4 L represent the difference in the value of 1.
measured for a given value of v, and the extrapolated value

. R ..
for v; = 0. Between —— and ~* we have the additional

relation - -

AL R, |
—_— = 3y 2 , (90
v OT )

which of course is even more casily verified.
The constants C, and (g mentioned occasionally in the
o . 4L
tables indicate the ratio of the measured values of ¢ and <
Ry
to the values calculated from T Usually these constants
are only little different from unity.

Accurate measurements of A L, Ry and the distortion were
made by K8d4LeER and Koors using an a.c. bridge of the
MAXWELL type. All measurements of cx and ¢, up to a fre-
quency of 100 kC were carried out on this bridge.

For higher frequencies the resonance method was used.
Measurementswere carriedout under the direction of M. GEVERS.
Usually the agreement between the curves for ¢, obtained on
both sides of the limiting frequency 100 kC was very good.
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Occasional disagreements were traced back in some cases
to insufficient cxtrapolation of the results to the limiting
case B = 0 in other cases to exceptionally high dielectric
losses.

Results obtained at the highest frequencies tend to be
falsified again by dielectric losses and in some cases by eddy
current losses. Except where specifically mentioned no special
precautions were taken to obtain the highest accuracy at these
top frequencies.

FFor a first orientation the accuracy of the c,-curves as
measured is entirelv sufficient. It will be seen that the effect
variations in thc chemical composition and the methogd of
preparation are much greater.

After it had been observed that appreciable deviations from
the Rayleigh relation frequently occurin ferrites, it was decided
to measure Ri/l. at a number of widely different values of the
current. A range of 0.1—5 mA was covered and a plot of
Ry, against ¢ made.

In cases where Ry is found not to be proportional to 7, the
definition (83) of ¢4 only holds good for a fixed value of B,.
We have chosen as such B, = 7.5 Gauss. Calculation shows
that if the KRj-t curve is not straight, the actual non-linear
distortion differs from the distortion calculated for a certain
point of the curveassuming that the connection of this point

withthezeropoint is a straight line onlybyafactor'\/‘..;at most.
Details of this calculation will be published at a later date.

§ 24. FERROXCUBE 1 (Cir Zn FERRITE)

Two varieties of ferroxcube 1 are available. One named () is
aimed at a high value of 1, (4, > 1000) and is useful as a corc
material for h.f. transformers and chokes. The second variety
(h) has a lower 1y (200 --300) and correspondingly a better
h.f. characteristic. This material is used for permecability
tuning up to a frequency of 1000 kC.

Of both qualities the composition roughly is: 20 mols of
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Cu 0, 30 mols of Zn 0, 30 mols of Fey04. Small deviations from
this proportion are possible without entirely changing the
properties of the product.

While (a) is short of oxygen by a few tenths of a percent
(b) is practically stoechiometric.

A high purity of the oxides is of course desirable, especially
if high values of w, are aimed at. Contamination by non-mag-
netic material of the mill may be avoided by using iron mills.

Ferroxcube la can be made in a number of ways. Much
depends upon the condition of the iron oxide added to the
mixture. In Table IV we give results obtained on a mixture
containing a sample of pure FeyOy, which had been heated to
1100° C before being added to the mixture. If more ‘‘active”
Fe,0, is used, the sintering temperatures are correspondingly
lower. The symbol s.g. in the table stands for sintering for
two hours at 900° C in oxygen followed by grinding for two
hours in an iron mill. After this treatment had been applied
respectively 0, 1, 2 and 3 times to a mixture made by hand
the resulting products were pressed into the form of small
test rings under a pressure
of roughly four tons per cm?
and sintered in oxygen at
1100, 1150, 1200 en 1250°C
respectively. The resulting
'[ ' values of u, (measured at 2
kC) are mentioned in Table
A V. The numbers between

! brackets arc measured densi-
ties. It will be seen that the
density of the product with
the highest value of u, differs
only little from the value 5.38
deduced from X-ray measure-
ments of the latticc-constant

Tl

[/ 50 200 50

Fig. 26.

Curvcs for gy vs T for various ferrites
1. Cu Zn ferrite 20/30(Cf. Table 1V)
2. Mg Zn ferritc 25/25
3. Mu Zn ferritc 25/25
4. Niv Zu ferritc 15/35

of the cubic cell (a=28.365 A).
Curves showing the variation
of u, with temperature are
shown in Fig. 26.
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The products obtained by heating above 1150° C are very
coarse grained and on breaking show at the fracture an intense
black colour not unlike the colour of pitch. The specific electric
resistance is about 20,000 ohm.cm, due to a measurable loss
of oxygen (0.17°/, by weight) taking place mainly during the
last heat-treatment. It is not possible to make the lattice take
up oxygen again by heating in oxygen at low temperatures,
the mass being insufficiently porous for that.

TABLE IV
Cu Zn ferrite 20/30/50

| 1noee°c | 1seec | 12000C | 1250°C

Oxides mixed
by hand 118 (3.60) | 175 (3.75) | 285 (4.05) | 295 (4.45)
+ s.g. 148 (3.75) | 260 (4.10) | 390 (4.55) [ 1230 (4.85)
~ s.q. 154 (3.90) | 310 (4.25) | 450 (4.80) | 1290 (5.00)
+ .4 155 (3.95) | 340 (4.45) | 1000 (4.95) | 1580 (5.10,

The method indicated in Table 1V of course is not the only
one leading to a high value of s, Values of v, above 1000
may also be obtained by grinding only once. As an example
we give the data mentioned in Table V. This table applies to
two samples prepared from the same mixture, which had
been ground for a period of roughly 200 hours, leading to
a particle size smaller than one micron.

Values of y, are given for three frequencies (2 kC, 100 kC
and 1000 kC). The numbers between brackets again refer to
measured densities. The symbols r.c. and s.c. refer to rapid
cooling (in air) and slow cooling (in the oven) respectively. It
is evident that a further continuation of the heat-treatment at
1000° C does not lead to greatly increased values of «, or the
density. A subsequent heating for one hour at 1200° C followed
by rapid cooling leads to values for «y in the neighbourhood of
600. Slow cooling on the other hand leads at once to «, > 1000.
An additional heating at 1000 or 950° C does not produce
any big change; rapid cooling (in air) from 950" C proves
without effect on the value of w,.
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TABLE V

Cu Zn ferrite 20/30/50
Oxide mixture ground once in an iron mill for 200 hours

Heat-treatment ' 2 kC 100 kC l 1000 kC
6 h. 1000°C s.c. (3.75) 112 112 ; 112
+ 1 h. 1200°C r.c. (5.15) | 590 590 HR0
4+ 1 h. 1000°C s.c. (5.15) 1145 1052 758
+ 1 h. 950-C s.c. (5.15) 1120 10583 B8}
Heat-treatment 2 kC 100 kC 1000 kC
36 h. 1000°C s.c. (3.90) 130 130 130
4+ 1 h. 1200°C s.c. (5.10) 1070 990 900
+ 1 h. 1000°C s.c. (510 1040 1015 740
+ 1 h. 9530°C r.c. (5.10) 1125 1030 645

Irom the fact that g, is found to decrease strongly with
frequency from 100 kC onward, it can at once be deduced
that the loss angle becomes very large for these frequencies.
As an illustration we give in Table VI values of tan ¢ for the
samples mentioned in Table IV measured after the last but one
heat-treatment.

TABLE VI

I.oss angles of coarse grained ferroxcube 1

v(ke) | tang, l tan 3, ‘ v (kc) | tan §, tan 3,
]
—
2 0.027 | 0.030 | 200 0.173 0.197
16 0,056 0.063 500 0.325 .386
10 0,080 0.094 750 0.418 0.413
100 0141 0.158 1000 ? 0.465 0413

This large loss angle cannot in any way be ascribed to eddy
currents, but is due to after-effect.

The mode of preparation of the d-quality of ferroxcube 1
differs from that of the a-quality in that care is taken to pre-
serve a porous structure. After sintering, this porous sample
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1s allowed to take up oxygen at lower temperatures until a
near approach to the stoichiometric ratio is made. By
this treatment the relaxation time of the h.f. M.A. is
reduced and a much better h.f. characteristic is obtained.
The specific electric resistance is also increased by the treat-
ment.

The porosity of the mass reveals itself in a number of ways.

In the first place the porous structure takes up water much
more readily than a non-porous structure, a fact most vividly
experienced. when such a sample is touched with the tongue.
Secondly the fracture of a porous sample reveals a dull black
colour approaching grey, which is considerably different from
the shining black observed on the fracture of a non-porous
structure. Thirdly X-ray analysis and inspection by the naked
eye may be called to aid: “‘porosity’’ ceases to exist, as soon
as the non-porous material has become coarse grained. A most
important criterion of ‘‘porosity’’ ot course lies in the presence
or the absence of the ability of the material to take up
oxygen when heated at temperatures below the sintering tem-
perature, The determination of the change of weight of the
specimens after heat-treatment sometimes offers a most useful
means of asserting this.

The simplest method of preparing ferroxcube 1 consists of
erinding the mixture only once for a fairly long time and
sintering the pressed powder at once at the final temperature.

A second way consists of alternatively grinding and sintering
the powder at comparatively low temperatures and grinding
it again before the final sintering is done. This is a well-
known means of ensuring a homogeneous final product in all
chemical operations, where a reaction between two or more
solid components is involved.

The beneficial effect of such a treatment on the permeability
has already been shown for the a-quality. For the l-quality
the criterion of the ‘‘porosity’” is added and it cannot
therefore be deciaed beforehand, which of the two processes
cventually leads to the best product.

It has been found, that for ferroxcube 1 b the process oi
repeated grinding and sintering also presents some advantage

Research 19—6
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over the process in which a thorough grinding is followed
by pressing and the final sintering.

There are some interesting differences between the two
processes, which it may be worthwhile recording here. In
Fig. 27 the ‘“‘simple”’ process (marked 1 X s) is compared
with a process in which intermediate sintering at 900° C was
carried out twice (marked 3 X s in the figure). The upper
part gives the measured mean density as a function of the
final sintering temperature. The fact that the curve marked
3 X s lies far above the curve marked 1X s is in accordance
with our experience on type a of ferroxcube 1. So is the

middle part, where u, is
plotted against the final
5 = sintering temperature. The
lowest part of Fig. 27
however is the most in-

—_—

. ,/ /) - teresting one. It gives
/ C, (f) for a frequency of

/ 1000 kC/sec. The tempe-

s rature at which.C, passes
| 3xS through a minimum ob-

:” L~ // viously is the one to be
1 / / chosen in order to ensure
| ] ! the best possible charac-
. ; N E N /1:: tfarist'ic at this- frequency.
4 \ For 3 X s this tempera-
! I\ — ture is appreciably lower

| than jor 1 x s and also
| the miuimum itself is

% %000 050 ,m somewhat lower. It is a
-7y curious fact, that both u,
Fig. 27. and the density d for the

Plot of density, permeability and loss optimum temiperatuses of
factor at 1000 kC/sec. for Cu Zn ferrite : ino -

20/30 against the final sintering temn- sintering  are found to
perature. Curves marked 1 x s apply to have about the same value
specimens sintered only once. Curves iy ~ 400 d ~ 44.

3 X s apply to specimens which have

been sintered twice at 9¢0° C bhefore The t\‘VO processes,
final sintering. though different, seem
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therelore to lead | l |
toabout the same , T
results, when car- J 5 4 |
ried out under op- {7 7 E; }
timumcenditions. 7‘ 7‘ -1 |

The abuve men- /Vr O
tioned data are ;
not to be taken s ”"”M“

as representing —— Froquency
universal  laws,

.. I'ig. 28.
from which .no Plot of loss factor against frequency jor porous
escape or devia- Cx Zn ferrite.
tion at all is Curve 1 applies to nearly stoichiometric ferrite; the

ibl . oxygen defect increases with increasing number of
poOSsSIDI€, NOr 1S  the curves and is only about 0.03°, by weight for

the magnitude of curve Nr 3.

the loss at 1000

kC/sec wholly decisive for the h.f. characteristic. Variations
in the purity as well as the reactivity of reacting cxides or
the addition of small quantities of other oxides may change
the final result to some extent. The data given however
do represent the general trend of things in the casc of the
Cu Zn ferrites.

We have not yet discussed the way in which the porous
structure is made to take up oxygen. It is very simple. Heating
in oxygen at temperatures ranging from 600> C downward to
400° C for a sufficiently long time suffices for the purpose.
Some advantage may be found in previously heating for a
short time at somewhat higher temperatures (900 — 700° C)
because at these temperatures diffusion and consequently the
establishment of equilibrium is much more rapid and the
total time required to ensure a good quality is thus shortencd.

It is interesting to study the etfect of the addition ot oxvgen
on the curve for C,. It proves to be fairly complicated. In Fig.
28 curve 1 represents C, in a frequency interval from 2—14(4)
kC for a ferrite sintered at 1050° C and then “saturated” with
oxygen at low temperatures for a very long time. The value
of 1o is found to be only 240; the curve for C, (f) shows a flat
and inconspicuous maximum at about 10 kC sec, but remains
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low right up to 1000 kC/sec. Another maximum in the losses
evidently lies far beyond 1000 kC/sec.

A fresh heat-treatment at 1000° C in oxygen followed by
cooling In the oven causes the value of i to rise slightly, an
effect which for the following may be entirely neglected.
Due to the comparatively rapid cooling the oxygen uptake
at low temperatures is now a little less complete. There now
is a slight shortage in oxygen (probably of the order of 0.019,
by weight), a fact which among others may be controlled
by careful determination of the change of weight on samples
having suitable dimensions. As a result of this very slight
loss of oxygen, the low frequency maximum has shifted some-
what to the right and the h.f. maximum somewhat to the
left, (Cf. Curve 2). The losses as a whole are somewhat higher,
except for the lowest frequencies investigated.

A more important loss of -oxygen (of the order of 0,03%, by
weight) is caused by quenching the sample in air from 950° C,
a treatment leading to values of C, represented by Curve 3 in
Fig. 28. Finally if the sample is heated in nitrogen at 950° C
in order to provoke the loss of some more oxygen, the two
maxima unite and Curve 4 of Fig. 28 is the result. Curve 4
in its shape strongly resembles the curve found on ferroxcube
a (dotted line of Fig. 28). In fact the only difference between
the two probably is the greater porosity and perhaps a larger
internal stress in the first-named sample. Curves of the type
4 correspond to an oxygen defect of about 0.29, by weight.

It is not possible at this stage of the investigation to say
much about the physical background of the after-effect cur-
ves. A few words may suffice.

Our experiments have been carried on sufficiently far to
show, that the 1.f. maximum on decreasing the temperature
shifts to lower frequencies. It is thus fairly certain that an
activation energy is involved in the diffusion process under-
lving the after-cffect responsible for this maximum.

The h.f. maximum is common to all ferrites investigated so
far. The theory outlined in Chapter §§ 18—20 is thought
to be applicable to this maximum.

The shift of the h.f. maximum with the temperature cannot
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be determined as casily as for the 1.f. maximum because of

the high frequencies involved. Fig. 29 represents the result
of a series of very

careful measure-
ments by LINDEN- 4§
Hovius of this la- t ——%
boratory ona sample %
prepared by pre-
cipitation of the
hydroxides of Cut, Zn ™| AN
and Fe from a mix- ;\
ture of the nitrates
by means of Na OH. 1 0 oo
These measurements

1500,

———— -

. Fig. 29.
wer Tl .
ere carried out at Curves for uq for C# Zn ferrite at threc
room temperature, temperatures and at various frequencies.

and the temperatures

of solid carbon dioxide and liquid air respectively. From
this figure it scems to follow that the relaxation time depends
upon the temperature in a most remarkable way: it seems
as if T becomes smaller as the temperature decreases. When
we remember the general relation tor diffusion

Ax? = 2 Dt

this is a very astonishing result, as D is never found to rise
with decreasing temperature. It follows immediately that
something must be wrong with our tacit assumption that Ax?
does not depend on the temperature. The above evidence, com-
bined with the fact that the value of u, is profoundly affected
by u change in the temperature, has led us to assume that the

value of Ax? may also be affected by changes in the tem-
perature.

IFollowing this line of thought we finally hit upon the idea
already exposed in Chapter II § 18, that the Jateral motion
of a Bloch zone might be hindered by a frictional force
of some kind. The observed increase of 7 with increasing
temperature can be explained on this basis, bearing in mind,
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that 4 is a quadratic function of Imax. As it is uncertain,

which part the unmagnetic inclusions play in determining the

initial permeability as compared to the effect of internal
stresses, no quantitative theory could yet be developed.

We may end by

adding a simple graphic

/ illustration of h.f. M.A.,

which we have found

most useful in explain-

ing to ourselves the

effect of an increase in

_—— ug on the relaxation

- time 7.
Let in Fig. 30 the
—— drawn-out curve repre-
Fig. 30. sent the wvariation of

Drawn-out curve: shape of the potential mi- the potential of a Bloch
nimum for a Bloch zone¢ ina materialwi.th zone with the displace-
low po. Dotted curve: same for a material . .

with high p,. The force required to producc ment x. The field H
a certain displacement is much smaller now required to produce a
and a (constant) frictionalforce is now likely

to produce a phase shift between B and H. certain dlsplacement X

evidently is measured
by the height of the point on the curve at ¥ = x, above the
minimum. In the case of the drawn-out curve this field is
quite strong and y, correspondingly low. A frictional force
accompanying the lateral movement of the Bloch zone
probably will be quite small compared with the field and
s0-have little or no effect on w,. Suppose now, that by some
means or other the potential minimum is ‘‘flattened’ in the
way indicated by the dotted curve. The “iorce’” required to
displace the zone over a distance xy is now much smaller and
the permeability 1, correspondingly higher. Compared to this
small force however, which even mav be made equal to zero.
the frictional force now has a much stronger cffect and an
after-effect may now be observed.
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§ 25. FERROXCUBE 2 (Mg Zn FERRITE)

A suitable Curie temperature is obtained, if Mg-ferrite and
Zn-ferrite are mixed in equal molar ratios. Figs. 31 and 32
show curves bearing on two series of samples. Both were
prepared from 25 mols MgO, 25 mols Zn0, and 30 mols
of Fe,0; of the same kind as used for Cu Zn ferrite. The
material of the first series of samples was only very super-
ficiallv mixed and ground, the material of the second mixture
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My Zn ferrite 2525 voarse mixture.

was, on the contraiy, giound to an extremely {ine grain.
Ring samples were prepared n the usual way and sintered in
oxvgen at 1100, 1200, 1300 and 1400° C respectively.

The drawn-out curves give measured values for o, the
saturation value of the magnetization per gram, as a
function of the temperature. After sintering at 1100° C the
coarse mixture has obviously reacted only verv incompletely.
The curves obtained after sintering at 1200 and 1300° ¢
have about the same shape. The reaction now is practically
complete. After sintering at 1400° C a new rise in o as well
as in the Curie temperature is observed. This rise is due to
reduction of part of the iron oxide.
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The dotted curves give g, as a function of temperature.
‘The thorough grinding has the effect of making the reaction
at 1100° C much more complete.
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Mg Zn ferrite 25,25 fine mixture.

It is remarkable that the values obtained on the coarse
mixture are not much inferior to those obtained on the fine
grain. The top value of about 300 obtained after sintering
at 1300° C is much lower than the top value obtained for
ferroxcube 1. This is due among others to the magne-
tostriction being large: sintering at 1400° C which leads to the
production of ferrous ions also leads to an appreciable increase
in uq (till about 600). It is not certain, whether the failure to
rcach a valuc above 1000 is due to insufficient suppression
of the magnetostriction alone or besides that to an abnormal
behaviour of the crystal anisotropy. Values of tan J obtained
at high frequencies (cf. Table VII) show that the coarse mixture
is considerably inferior to the fine-grained mixture.

As can be judged from the fall in the specific electric resist-
ance the fine-grained sample after sintering at 1300° C suffers
a certain amount of permanent dissociation (0.17°/, by weight
as determined by chemical analvsis). It is more than probable
that. at 1300° C both the fine-zrained and the coarse-grained
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TABLE VII
Mg Zn ferrite 25/25/50
Coarse mixture
After sintering at:

1200° C 1300° C
e = 102 o = 247
f(kC) |tan 8 (%)| C. fkC) |tand(%)| C
340 2.2 14 | 268 4.4 11
300 3.0 18 500 7.3 18
150 39 23 750 12.2 31
1000 5.0 31 1000 17.4 44
1400 8.0 48 1300 23.0 | 38
{

p = 3.9X100ohm.cm d = 3,3] p= 1810 ohm.cm d =333

Fine-grained mixturc
After sintering at.

1200° C 1300° ¢
po = 92 pe = 315
fikC) [tan 3 (%)| C | F&O) ltand(%)| ¢,
388 1.5 10 | 285 2.1 4.2
500 1.6 1| 500 3.0 6.2
750 1.8 12 750 4.2 8.2
1000 2.0 14 1000 5.6 e
1400 24 | 16 ' 1400 10.0 19.5

p=78x1000ohm.cm, d = 3.6! p = 6300 ohm. cm, d = 4.32

mixtures arc partly reduced, only the fine-grained sample
owing to its greater density has lost more of its ability to take
up oxygen again at lower temperatures.

This permanent loss of oxygen is an undesirable feature,
both as to after-effect and as to eddy currents. As on the other
hand a complete reaction and a high density proves benificial
to the permeability, a compromise has to be sought. Table VIII
gives an example of one of the many ways in which optimum
conditions may be realized. The experiments, the results
ot which are recorded in this table, again relate to a mixture
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containing 25 mols Mg0, 25 mols Zn0 and 50 mols Fe,0;; the
last named oxide was this time prepared from the oxalate
by heating at 650° C in a controlled atmosphere.

TABLE VIII
Mg Zn ferrite 25/25/50
Last operation sintering at:

1200° C 1300° C
C, C,

Be |(f=1000| d o ((Ff=1000| d

kC) kC) |
Mixed { hour 250 13 3.65 | 400 high 4.4
+ s.2. ( 800°C) | 295 10 38 | 395 | high | 4.55
+ s.g. ( 900°C) | 275 7.5 3.8 405 1 16 4.6
+ s.g. (1000°C) | 315 6.4 4.1 420 ' high 4.7
+ s.g. (1100°C) | 225 8.3 3.7 3710 ' 8.0 4.6

Optimum values for u, and the density are reached, 1f the
last intermediate sintering treatment is carried out 200° C
below the final temperature. Obviously a material which has
been sintered too high in an intermediate treatment loses much
of its abilitv to react a second time, the subsequent grinding
process being insufficient for a full restoration of the activity.

While however after sintering at 1200° C the losses are a
minimum under these conditions, they become unmeasurably
high, if sintering is done at 1300° . Dissociation now occurs
In a structure, which at the same time¢ becomes non-porous.

The above-mentioned features (with variations as to detail)
arc common to nearly all other feriroxcubes. whether the
clement magnesium has been replaced by another element.
or the proportion of Fe¢,0, to bivalent oxide is changed a
little, or that small additions of another oxide are- made.

The best way of obtaining a reallv good h.f. characteristic,
evidently consists of ensuring a complete reaction between
the solid components at the lowest possible temperature.
Mecans of attaining this are discussed in the section on
ferroxcube 4 (nickel zinc ferrite), where conditions are espe-
ciallv tavourable.



§ 26 Mn Zn FERRITE 91

The only-feature of ferroxcube 2 which compares favourably
to all other ferroxcubes is its exceptionally low density. For

purposes, where a low weight is essential, this material might
therefore be useful.

§ 26. FERROXCUBE 3 (Mn Zn ferrite)

Ferrites containing manganese differ from other ferrites 1n
that oxidation may easily be carried too far, the element
manganese having the tendency to change into a higher state
of valency than two.

Also there is some uncertainty as to whether some of
the manganese ions under certain circumstances are able
to take the place of the trivalent iron ions in the spinel
lattice.

If a mixture containing 25 mols Mn0O (or a higher oxide),
25 mols Zn0 and 50 mols Fe,0, is prepared in the usual way.
the properties of the sintered product are found to be strongly
variable. Sometimes high values of u, and ¢ arc obtained.
another time the product is nearly unmagnetic. The explanation
is simple: all depends on the amount of uxygen the sample
picks up from the surrounding gas during cooling. This in
turn is found to depend upon the porosity of the structure
and upon the presence or absence of certain minor consti-
tuents acting as catalysts.

Porous structures of MnZn ferrite of course are difficult
to handle and cannot be trusted to lead to constant results.
As a matter of fact some porous samples prepared by us had
to be severelv quenched in order to become magnetic; other
samples took up oxygen much less rapidly.

In the case of the manganese zinc ferrites, conditions are
such that a non-porous structurc is desirable. if constant
results are to be obtained. In the presence of silicon dioxide or
another substance acting as a flux. 4 dense structure 1s easily
obtained at relatively low temperatires (1250 or 12007 C). The
permeability of such samples however does not acquire the
highest values. due to the material beiny heterogeneous.

Witk purer samples sintering has to be done at a higher
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temperature and conditions are somewhat more critical; very
high values of u, are however obtained.

Once a non-porous structure of the required composition
is obtained by sintering, it proves very stable under oxidizing
conditions. Many hours of heating in oxygen at temperatures
between 800 and 1000° C are needed to induce the manganese,
once it has been nicely ‘“‘built in”’, to adopt a higher state of
oxidation. The process itself can be easily followed by the
resulting decrease in u, and o (o is the magnetization per
gram). Conversely it will be clear that the amount of oxygen
has to be controlled carefully during sintering and cannot be
corrected afterwards.

Very good and well defined results are obtained on oxide
mixtures of commercial quality, if sintering and cooling are
carried out in nitrogen containing only traces of oxygen. Sam-
ples thus prepared also suffer very little from the phenomenon
of D.A. described in § 17; they are homogeneous and magneti-
cally very weak.

Samples containing some Fe,0;4 in excess were also studied.
It goes without saying that under the given circumstances
this excess amount enters into solid solution with the ferrite
in the form of Fe,0,.

If care is taken that the amount of excess of Fe,0, and the
total amount of oxygen are adjusted so as to produce a homo-
geneous product with magnetostriction equal to zero, exceptic-
nally low values are obtained for the hysteresis loopconstant Cj.

Samples having a low value of Cj were systematically
sought for and occasionally found in the ternary systems:

Cu-ferrite — Zn-ferrite — Fe30, and the corresponding
ones with Mg and Ni:. Nowhere however were low values
of C, obtained as easily as in the ferrites with manganese.

The causes of this exceptional behaviour may be manifold
and will not be discussed here.

The anisotropy of the magnetostriction and the crystal
anisotropy may be very weak. It is hard however to find a
suitable basis for comparison as long as nothing is known
with certainty about the possible valencies of M in the spinel
lattice.
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There are indications that reactions between the part-
ners in the mixture of Mn0,, ZnO and Fe,0; are more complete
than in other ferrites. To a certain extent this follows —
besides from the high value of u, — from the shape of the
curve for the residual losses. The h.f. maximum lies somewhat
above or below 1000 kC according to the oxygen content, and
the loss angle is large in that region. On the low frequency
side of this maximum however the loss angle goes down to
values, which are smaller than are observed on any other
ferrite. This may be partly due to the complete absence of the
1.f. maximum. We have learned however from experience on
ferroxcubes 1 and 2, that an incomplete reaction also leads
to increased losses at low frequencies; this probably is due to
a scattering in the value of thé h.f. relaxation time. (Our theory
of § 18 predicts such a scattering in tv for materials having
irregular internal stresses). The very low losses observed may
be taken as a sign that the reaction has been complete.

One final remark may be made about the l.f. maximum.
We have found it most clearly in the copper zinc ferrites. We
have seen that a small change in temperature produces a large
shift in the frequency corresponding to this maximum. It
might therefore easily have escaped detection in other ferrites.
As a matter of fact some Mg Zn ferrites showed a small increase
in tan d near 2 kC, which might be taken as an indication for
the existence of a 1.f. maximum. IFurthermore manganese zinc
ferrites cooled in oxygen and displaying D.A. and M.A. (cf.
§ 17) may formally be said to have a 1.f. maximum at frequen-
cies of the order 0.01 cycle/sec.

At present it does not seem possible to make any definite
statement regarding the 1.f. maximum. We have only put the
general situation before the reader and the drawing of more
definite conclusions must await further developments.

We will now give some numerical results obtained with
manganese zinc ferrite.

Table IX gives the values of uy, Cs, ¢ (in ohm.cm) and C,
for two typical cases, one having high x, and low Cj, the
other having a somewhat lower v, and higher Cy, but a better
h.f. characteristic.



014 DEVELOPMENT OF MAGNETIC MATERIALS 111

TABLE IX
Properties of ferroxcube 3

l f&QG | GO f (kC) C. (N
Mo ~ 1500 2 0.1 Ho ~~ 600 2 0.3
Cy, ~ 18 10 0.1 Cy ~ 3,0 10 0.4
p ~ 50 20 0.2 p ~ 30 20 0.6
Co ~ 1 100 1.0 Co=0.8-1.2 100 1.2
400 10.0 1000 6.3
|

Values obtained for (, at the highest frequencies probably
are a little too high, as no correction for eddy current losses
has been made. The specific eleotric resistance of 50 ohm. cmis
the lowest recorded so far for the ferroxcubes, and strongly
reduces the interval between the frequency where losses due
to after-effect become high, and the frequency where eddy
current losses are getting high for a thickness of 5 mm. For
frequencies below 100 kC neither of these effects makes itself
felt however and the losses recorded are the lowest observed
so far in any ferrite. Making use of such a ferrite it has proved
possible to make a set of filters in which each coil occupies a
volume of only 42 cm® and has a Q ot 600 at 60kC/sec.

Cy is practically independent of the maximum induction.
The constants C;; and CL accordingly are only slightly different
from the theoretical value of unity (cf. § 24).

We will end this section with a short discussion of the various
ways in which low values of Cj, have becn 1ealized. The left
half of Table X contains values of C; measured on practical
loading coil core materials, while the right half shows values
measured on solid samples of the same or approximately the
same composition. The values mentioned in the table
are mainly derived from a compilation of relevant data by
V. E. LEGG in 1939 1.

The first two members of the series are anisotropic and

1 Cf. V. E. LxcG, Bell Syst. Techn. J., 18 (1939) 438. It will be

found that our C, is identical to thc hysteresis coefficient 10%.a,
used by I.eGe in Table 1V,
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TABLE X
b’ G Com ®
Fernicube ! 82 20 20 82 | Fernicube
Isoperm 83 23| 23 85 | Isoperm
Permalloy 75 3 0.2 9000 | Permalloy

Mo-Permalloy 125 1.6 | 0.05| 22000 | Mo-Permalloy
Sendust 47 4.5
65 5.0 0.03] 55000 10-6 Sendust !

. 102 8.5
Iron Grade B 35 | 50
Iron Grade C 26 | 80
CarbonylIronl ! 13 5 50 250 | Magnetic Iron
2 18 | 128 (900° C Pot)
" 3 50 9.3
Ferroxcube 332 —- 1.6 1.6 2000 | Ferroxcube 3

have no air gap. The values of Cj obtained depend exclusively
on the degree of perfection with which spins are aligned in
certain ‘“preferred directions”” and are the same for the
solid material as for the core as a whole.

The last member is ferroxcube 3. As explained before the
value of Cx measured ona core with an air gap is found to be
independent of u’ and exactly equal to the value measured
on the closed ring.

The remaining members of the series all represent powder
cores and their properties are compared to those of solid
specimens of the same- type.

It has already been mentioned, that the Permalloys and
the material Sendust like ferroxcube 3 have low hysteresis
due to the fact that the conditions £, = 0 and A = 0 have
been realized here in various degrees of perfection. It is at
once noted, that the values obtained on the powder cores are
inferior to those obtained on solid samples of approximately
the same composition. As explained before this pro- bably
is due to imperfections in the system of “air gaps”.

1 M. KEeRSTEN, Elektrotechn. Z., 38 (1937) 1335, 1364.
* Mcasurements made in this laboratory.
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Powder cores made of ordinary iron as expected are bad,
due no doubt to hysteresis of the inclusion type, the crystal
anisotropy being very large. There is one apparent exception:
Carbonyliron 1 with Cj, = 5 is decidedly better than is expected
for a substance with E; 7= 0 under ordinary conditions. This

d
however probably is an example, where — has been made high
S

as a result of the introduction of large amounts of unmagnetic
material into the substance: it is known that the iron used
in these cores is made to take up nitrogen in large quantities
during segregation from the gas phase. This leads to the forma-
tionin the iron of relatively large quantities of the nitride ¢, V.

On the whole therefore the agreement between theory ana
observed data is satisfactory and the trend of future develop-
ment clear. Non-metals having in the solid state values of
(', approaching those found for permalloyandsendust,evidently
must surpass other materials when used with one or two air
gaps in series instead of the very imperfect system of numerous
small air gaps applied in powder cores on account of the
necessity to suppress eddy currents.

§ 27. FERROXCUBE 4 (N1 Zn FERRITE)

We have repeatedly pointed out above that an ideal ferrite

for h.f. use should:

1. not have a too high

2. nevertheless have a high saturation magnetization
3. contain no ferrous iron

4. nevertheless have a dense structure.

In order to be able to combine conditions 3. and 4., it 1s
advisable that the ferrite should be formed as completely
as possible at low temperatures. This may be done by precipi-
tation from a solution containing the metalionsin the prescribed
proportion. It is also desirable that the ferrite formed should
should not casily lose oxygen at high temperatures, nor at
low temperatures take up so much oxygen (mangancse) that
the ferrite becomes unstable.
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All these conditions seem to be ideally fulfilled in nickel
zinc ferrite. A solution containing the ions N7 and Z» in the
15 : 35 and containing proportion somewhat less than 50
percent of iron, on precipitation and sintering at temperatures
as low as 1000 and 1100° C, leads to a product, which has g,
near 100 and a good h.f. characteristic up till 10 M.C. Table XI
gives some data observed on a sample of this kind.

TABLE XI
Sample of ferroxcube 4
o = 82 d=438 o="70 dy=2532 p=10°
f(M.C) = l 0.5 1 | 5 10
tan § (%) = 0.5 0.7 0.9 1.8
C, = 38 54 6.9 13.8

(Specimen contained 46 mol 9%, of Fe,0y).

The advantages of a slight shortage of Fe,0; is evident:
the formation of Fe,0, at high temperatures is counteracted;
the surplus of Ni0 and ZnO provides the necessay strain.

On the other hand by making the proportion of the
number of trivalent ions to the number of bivalent ions equal
to unity, sintering at a higher temperatme and cooling very
slowly, exceptionally high values of g, (with corresponding
deterioration of the h.f. characteristic) can also be obtained
with a nickel zinc ferrite. One particular sample had the
properties mentioned in detail in Table XII.

TABLE XII
Nickel zinc ferrite 15/35/50
Heat treatment (oxygen):
1h.1200°C+-2h.1230°C+7h.1100°C+4-33h. 1000°C+ 34h. 950°Cs.c.

1] B, A B, A

T
he = 3.800 129 0.12 1240 13
p = 9.200 390 1.6 1420 17
H. = 0.04 630 42 1575 20
p = 6.600 1025 92 1680 20

A = Hysteresis loss in ergs per cycle.
By = maximum mduction.

Research 18—7
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High u-ferroxcubes are especially useful in chokes and
transformers. It is evident however, that for uo > 1000 the
care with which surfaces of air gaps have to be made flat,

becomes unusually great. For
ool % 200 ——

many applications ferroxcube
. 1 with y, > 1000 is preferred
T to the high wu-variety of fer-
/\ roxcube 4.
\, § 28. ZINC FERRITE

[ \ Conflicting statements are
ol \ found ir the literature about the
) magnetic properties of zinc fer-
\ rite 1. Inthe view of the fact that
» in the foregoing we have always

assumed zinc ferrite to be un-

‘ magnetic, while some authors

l have made statements to the

% rea, . contrary, a little explanation
seems desirable.

_ Fie. 33. . The reaction between ZnQO
Saturation value of the magneti- . .
zation for zinc ferrites of varying and Fe,0, being very sluggish,
composition after prolonged sin-  only few of the specimens
;‘;‘;‘:lcs":on‘::iﬁz: F::o:iioe(;c e(s:s' mentioned in literature may be
have been partly dissociated. assumed to have been homo-

geneous. It seemed desirable to

study the properties of the whole binary system ZnO— Fe0,.
Samples containing ZnO and Fe,0, in varying amounts
were ground very finely, pressed and sintered in oxygen at
1300° C. Only after 9 hours of sintering, substantially constant
results were obtained. Fig. 33 shows that the saturation value
has a maximum of about 78 at 70 mol 9%, of Fe;O; and is prac-
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! WoroGDINE, C. R. Paris, 148 (1909) 776, (T = (60° C). S.
HiLPERT AND A. WiLLE, Z. Phys. Chem. B, 18 1932) 300,
(Tc = 70—80° C). MLLE SERRES, Diss. Paris 1931 (unmagnetic p.
54). Cf. Ann. de Phys., 17 (1932) 5. H. FORESTIER AND MLLE
MarcrLLe VETTER, C. R. Paris, 209 (1939) 164 (unmagnetic).
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tically zero at the 50/50 ratio. Chemical analysis and measure-
ments of the specific electric resistance however show that
the samples contain Fe,0,.

On prolonged heating at 1000° C ferromagnetism disappears
in the whole binary system. This is partly due to reoxidation,
partly to segregation of the excess of Fe,0;. Fig. 34 shows two

T
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Fig. 34.
Curves showing the variation ofe with T of a zinc ferritc 30/70 very fincly
ground and sintered in oxygen
a. heated at and quenched from 1300° C (Curve 1).
b. heated at and quenched from 1100° C (Curve 2).

o-curves for the 30/70 ratio, one for a sample heated in oxygen
at 1300° C and containing a little Fe,0,, the other heated at
1100° C. The latter specimen contains no Fez0,. It seems there-
fore that under very special conditions zinc ferrite containing
Fe;0, in excess can be made ferromagnetic. The 50/50 ferrite
however is decidedly unmagnetic.

§ 29. Fc-Al-MAGNET STEEL

For a long time the old magnet steels, though having
only a (B.H.)max of about 0.3 X 108 have been unsurpassed
for their low cost of production. It is known that the addition
of cobalt to the steel, though lecading to a substantial increase
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iIn (B.H)max causes the price to rise so much, that for many
applications the carbon steels based on chromium or tungsten
were preferred.

The discovery of the Fe-Ni-Al steels presented the original
attack on this position, a (B.H)pa« 0f 1to 1.2 10¢ being attain-
able at the cost only of about 25% of nickel. The lack of
malleability proved to be no serious obstacle for the wide-spread
use of this material. Then came — after long unsuccessful
attempts to make a better and at the same time not too costly
steel — the Fe-Co-Ni-Al steels, which are heat-treated in a
magnetic field (cf. the next section). They yielded — at the
cost, it is true, of considerable ameunts of cobalt and nickel —
a (B.H)max of 3.8 X 108 in manufacture (in laboratory 5.2 X 10¢)
and they represent — besides magnet steels of previously
unknown high magnetic power — alloys which allow the
production of ‘‘magnetic energy’’ at a cost comparable to
the cost involved in the manufacture of the old carbor steels.
This high-quality steel, which was discovered by B. Joxas
in this laboratory is therefore of double importance. There
always remained however the need of a magnet steel of
intermediate quality, say with about double the magnetic
power of the carbon steels, which can be produced at low cost.

The magnet steels based on Fe-Al-C to be discussed here
satisfy these demands and are therefore of first rate importance
in the class of ‘“low power magnet steels’”. They were
developed in this laboratory during the war and have led
to a magnetic power of 0.7 X 108. In the light of the foregoing
facts it will be clear that the advantage obtained over the
older carbon steels is important.

We shall not describe here at length the experiments leading
to the optimum values for (B.H)max, but only say a few words
about the ternary system Fe-AIl-C in connection with the
mechanism of hardening.

Steels containing approximate ly 8%, 4/ and 1.5%, C are
among the best in the ternary system Fe-AI-C from a point
of view of magnetic hardness. Our research has shown that
at high temperatures alloys of this type are homogeneous and
have a cubic face centered structure. This structure separates
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into two isomorphous structures on cooling, much in the
same way as happens in the case of Fe-Ni- Al to the cubic body
centered phase. This is shown by the X-ray photographs.
Crystals of one phase are found to have the same orientation
as those of the other phase.

One of these facc centered phases is the well-known
y-phase, the other has a superstructure and is called the
e-phase by F. R. MORRAL 1.
It was described by MORRAL !
as being mainly Fe, 4. 4 4% ~ | _—

|
|

of carbon. MORRAL considers T
the c-phase to be ferromag-

netic; we found this however -/
to be only partly true. The |

e-phasc separating from alloys '® ,-

containing about 8%, Al ac-
cording to our findings is un- | |
magnetic. Only for higher alu-
minium concentrations is the
£-phase magnetic, as shown by o l |
Fig. 35, where the Curie- 78 9 o 0 1z B u 1
temperature of the e-phase is — %A

plotted against the alumi- Fig. 35.
nium content The variation of the Curic tempera-

. . ture of the e-phase with alumnium
I'he e-phase thus 1s not a  content.

uniform ccmpound, but may
have various compositions depending on the composition of
the cast.

In alloys containing more than 109, aluminium only the
a-phase (the well-known cubic body centered structure) appears
besides the ¢-phase. The coercive force in this region is quite
small and so this type of alloy is hardly of interest to us. Below
109, aluminium, where as we have said magnetic hardness
develops, an originally homogeneous cubic face centered phase
on cooling separates intoy + ¢. On further cooling  transforms
into « 4 ¢ again, thus yielding a magnetic product of com-

1 ¥. R. MoRrraL, [. [fron Steel Inst., 130 (1934) 419,
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paratively high magnetic hardness. At low temperatures
martensite may also be found.

The best results are obtained,if the material is first hardened
at such a rate as to obtain a separation between ¥ and ¢ cor-
responding to an equilibrium at about 1000° C, as can be
judged from the values of the lattice constants. The a-phase
then has had only little opportunity to develop; but though
the alloy is therefore only weakly magnetic, it proves to be
very hard (H, > 400 Oersted).

By annealing at a suitably chosen temperature (about 300° C)
¥ is made to transform into « and the alloy becomes strongly
ferromagnetic, H, falling to 300 or 200 Oersted.

The hardening mechanism thus seems to be different from
the mechanism found in Fe-Ni-Al steels only in one respect.
The first hardening product happens to be non-magnetic
and has to be transformed into a ferromagnetic phase after
hardening, the latter process causing a slight reduction in H,.

Table XIII gives some data of lattice constants measured on
both face centered phases at various temperatures and in the
hardened condition.

TABLE XIII
Temperature
of de ay de ay
quenching
|
1200° C 3.660
1000 3.756 | 3.648
900 3.771 | 3.G48 Cooled in 16 | 3.712 | 3.643
sec. from
1200° C
800 3.760 | 3.639
700 3.779 | 3.640
500 3.780 | 3.6418
I

§ 30. Fe-Co-Ni-A! MAGNET STEEL

About the mode of manufacture and the performance of
the magnet cooled steel sufficient material has already been
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published !, which need not be repeated here. We only wish
to discuss here the mechanism by which the excellent magnetic
properties are brought about.

In a nutshell the situation is this: cubic body centered
alloys of Fe-Ni-Al, to which so much cobalt has been added,
that the Curie temperature and the saturation value are
increased as much as possible, on cooling in a magnetic field
prove to develop a magnetic anisotropy of a “‘well-behaved”
kind instead of the irregular magnetic anisotropyv leading to
a quasi isotropic behaviour of the well known-type.

At the same time we must assume that much of the “irre-
gular” character must have remained, otherwise the alloy
would have been magnetically anisotropic, but not magneti-
cally hard.

From a theoretical point of view it would have been satis-
factory to note a simultaneous rise in the remanence along
with a corresponding decrease in the coercive force. In the
technically important alloys such a decrease is not observed.

It may at once be added however that a Fe-Co-Ni-Al
alloy to which some silicon (0.75%,) had been added, was found
te combine an exceptionally high value of the remanence
with a relatively low value of H, It thus seems that
current theory, which predicts a relatively low coercive force
for samples which are anisotropic but otherwise homogeneous,
is not to be distrusted and that the new alloys merely represent
a very good compromise between two conflicting conditions.

The chief question to be answered remains: how and by
what means does the magnetic field operate on the alloy
during cooling in such a way, that the final result of the har-
dening is changed so drastically?

Attempts were made to obtain further insight into the pro
blem by changing the experimentalconditions:ifthe orientation
of the spins is the only thing that matters, why not make them

1 G. HoLsT, Hand. Nat. Gen. Congres 1939 p. 19; J. L. SNOEK,
Phil. techn. Rev, 5 (1940) 195. A. TH. vaN URk, Phil. Techn.
Rev., 5 (1940) 29; B. Jonas AND H. J. MEERKAMP VAN EMBDEN,
Phil. techn. Rev., 6 (1941) 8; J. F. KAISER, Engineer, 170 (1940)
183; A. PorRTEVIN, Journ. Phys. Rad., 4 (1943) 17.
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choose position by applying an external pressure during
cooling? Experiments proved to be difficult and the result
wholly negative, as the effect sought for was covered by a much
larger effect: magnetic hardness is getting lost at an appalling
rate by mechanically interfering with the sample during cooling.
The observed strong decrease in H, might be ascribed to plastic
deformation. To us however this seems highly improbable
in view of the fact that the specimen had hardly changed
as a result of the applied stress. Instead of solving the
problem, we have therefore added one to the series.

No unanimity ot opinion yet exists as to the composition of
the unmagnetic u-component making its appearance in alloys
of the Fe-Ni-Al type at low temperatures; the author holds
the view that this composition is nearly identical with NiA47 1.

In the following description we will keep to the convention
that this unmagnetic component is indeed N:A/, though it is
not essential to our discussion. In former experiments on
I'egNi1Al we have shown that the unmagnetic component
makes itself known by its demagnetizing action and does so
especially strongly in alloys which are heat-treated so as to
develop maximum magnetic power.

It is natural to suppose that in alloys of a related type,
in which by the addition of cobalt the Curie temperature has
been increased as much as possible, the demagnetizing action
of the unmagnetic “germs’” will play a part in the history
of their growth and development.

Ferromagnetic ‘‘germs’’ in unmagnetic or weakly magnetic
surroundings will grow faster in one direction than in the
two others, if placed in a magnetic field. Unmagnetic in-
clusions in magnetic surroundings will also have the tendency
to grow stronger in the direction of the magnetization than
in other directions.

If this is true, part of the apparent inner demagnetization
observed in the magnct hardened specimen would really be
due to demagnetization effects. Part of the observed aniso-
tropy must however be ‘“‘real”’, otherwise no magnetic hardness

1 J. L. SNnoek, Physica, 6 (1939) 321.
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would be found. Keeping the above picture in mind, a test
would be obtained if one succeeded in proving that the mag-
netic saturation was smaller when measured in the direction
of “‘preferred”” magnetization than in a transverse direction, an
‘““air gap”’ reducing the saturation only when placed parallel
to the material.

Experiments carmried out with a view to verifying this
contention, led to no decisive result. In view of the smallness
of the effect to be expected this is not surprising. Even if the
whole of the observed anisotropy were due to demagnetiza-
tion the effect would be quite small (about 2 9,). The true
magnitude of the inner demagnetization can be tound by
measurements on quasi isotropic samples, as the effects of
the various stresses on the magnetization curve cancel each
other here, leaving only the inner demagnetization active. It
proved to be quite small in the alloys which show the
anisotropy effect.

It is highly probable, therefore, that these alloys split up
into two ferromagnetic components. One will of course be
much more weakly magnetic than the other. For such alloys our
demagnetization theory would be just as applicable as for
alloys which contain an unmagnetic component. Moreover it
is to be kept in mind that the question ‘‘magnetic or unmag-
netic” has to be answered in reality at the temperature of
hardening.

All things considered there seems to be no reason to doubt
our theory of anisotropic hardening, but the means of effectively
testing it seem to fail so far.
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THE INCLUSION MODEL OF FERROMAGNETIC
HYSTERESIS

The inclusion model of ferromagnetic hysteresis starts from
the consideration that any boundary layer which is the seat
of a surface energy will have the tendency to contract itself
like the surface of a soap bubble or of a drop of water. It is
further observed that unmagnetic inclusions when forming
part of a Bloch boundary layer, reduce the active surface of
that layer. The fundamental equation (5) is arrived at as
follows: a displacement of a Bloch zone by an amount
dx causes the energy per cm? to decrease by an amount
— H . In.x . dx, if the cosine of the angle ¢ enclosed by the
spins and the field is thereby changed from O to 1 (Fig. 1).
Equilibrium conditions are reached if this energy is balanced

by the increase y . % . 3—0 of the surface energy per cm?.
x

A plane cutting the small spheres of Fig. 1, representing the
inclusions, at a distance x from the equatorial plane has an
active surface O equal to

O=s-—n (% — x'-’) (91)

per total surface s%. From this we find that

1 dO0 =«
—_— — Tl 2][._
0O dx 52
or
He Y 1 d0_ v o X (92)
Imax O " dx  Troax 32
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If x reaches the critical value

d

X = —
2

: (93)

the increase in the active surface suddenly comes to an end
and a “jump” or discontinuity in the magnetization takes
place. The critical field H, is therefore equal to

Hy= 2 24 (6)

9
T max $°

The initial susceptibility x, is defined as

Jo= 70 = — ¢ . (94)

Trom (92) we find, that C-I—I—I for H < H, is a constant and
cqual to dx
dH= 27ty (95)

dv 8 Tnax

. . dar . dr .
It is further easily seen, that —— is equal to —, if every
Tmax S
potential minimum is occupied by a Bloch zone, and to f —
s
if only a fraction # of these minima actually is occupied. We

thus find for g,

2
R N
ny

___,B.Im_ 2ay .—_—_ﬁ_
D 's‘-'.Imx, 2
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APPENDIX II
Reprint from Physica VIII, no. 4.

THE INFLUENCE OF EDDY CURRENTS ON
THE APPARENT HYSTERESIS LOOP OF
FERROMAGNETIC BARS

by J. I.. SNOEK

1. Introduction. In the course of a research on certain magne-
tically very weak materials, which were examined in the
form of straight bars, it was found, that the rate of change
of the magnetizing current materially affects the form of the
hysteresis loop. As the publications on the subject are very
scarce and very old, we decided to look somewhat deeper
into the subject:

After due time an explanation was found, which covered
all the known facts. As this explanation — as far as we
know — is new, we shall bring it here, together with some
experimental evidence, supporting it.

We shall show in the next paragraph that if the magnetizing
current is varied so rapidly that it causes an appreciable lagging
belind of the magnetization in the interior part of the bar
with regard to the outer part, the measured mean induction
in the bar will differ considerably from the one obtained after
a sufficiently slow variation of the field. The effect is expected
to occur only on open magnetic circuits, i.c., on bars, wires,
ellipsoids, and the like.

As a matter of fact on ring samples no influence at all of the
rate of change of the magnetizing current upon the hysteresis
loop was detected.

We will show in the third scction, that in extreme cases the
measured valuc of the coercive force mav be in error by a
factor two or more. The error in the total hvsteresis loss is
still larger. It will further be shown that the newly identificd
source of errors has given risc to a considerable number of
inconsistencics and controversies in the past, the cause of
which is now explained.
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Amongst them is the curious fact, sometimes mentioned but
more often ignored in publications, that the normal induction
curve lies partly outside of the main loop. (The normal induc-
tion curve is the curve starting from the demagnetized state).

This anomaly appears to be only the outcome of errors in
the measurement due to a too rapid magnetization of the bar.
In ring samples it does not occur.

2. Explanation of the eddy current effcct. We rather regret
being unable to give the explanation in quantitative terms.
A quantitative formulation would involve cumbersome calcu-
lations and seems hardly worth while.

The process of shearing back, by which the true hysteresis
curve of a material is found from the apparent one, as measured
on a bar (or better on an ellipsoid) is almost too well known
to be mentioned here. However fundamental as it is to our
cxplanation, we will indicate it briefly. If D is the demag-
netizing coefficient, a function of the shape of the specimen,
H; the internal field, H, the external field and I the magneti-
zation of the bar, than it is wel known ! that H; and H, arc
related by the equation-

Hi;=H,—D.lI (N
Irom this follows the equally simple relation:
AH;==AH,—D.AI (2)

which applies to an arbitrary change in the external conditions.
This equation forms the basis of our explanation.

Irom (2) it seems to follow that if a rapid change in H,
is brought about, for @ very short time the internal field may
be much larger than its final value, due to the fact that the
term D 4 I not immediately reaches its final value.

This of course is not wholly true. The fact, that immediately
after the change in H, a change in the magnetization I sets in,
implies, that eddy currents are set up in the sample, temporarily
shielding the interior part of the bar.

The outer part of the bar — and that is the vital point in

1 Handbuch der Phvsik, Berlin 1927, p. 102, 111 and 168,
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our explanation — is not shielded off and therefore for a
while is exposed to a much higher field than corresponds
with the final state. This means, that the outer part of the
bar after the chanoc in the external field does not find itself on

Fig. 36.

Diagram of the variation of the
magnetization over the cross section
of a bar in the course of time after
a sudden change in the external field
In the middle part the magnetization
rises asymtotically to the final value.
The outer parts for a short time
assume a much higher magnetization
and then gradually fall back to a
final value, which lies higher however
than agrees with the ascending limb
of the loop.

the ascending limb of the loop,
bt on some descending limb.
The effect is largest in the
“knee”’ of the ascending limb
because there theterm D. 4 ]
is largest with regard to the
term A H;. This is, what is
found experimentally. How-
ever, as we -shall show, in
extreme cases the whole of the
hysteresis loop is seriously
affected if the magnetizing
current is varied too rapidly.
The eddy current effect
depicted above is no doubt a
little difficult to visualize. We
shall therefore put it inanother
way. One may say, that due
to the shielding action of the
eddy current, the demagne-
tizing coefficient D is tem-
porarily diminished. For a
short while the specimen acts
as if it were a hollow tube
instead of a massive bhar.
Now a diminution in the
demagnetizing coefficient of
course results in a temporary

increase in the effective field strength and so in a temporary
magnetization, which temporary is too high.

Fig. 36 represents the way the magnetization varies over
the cross section of the bar during magnetization.

We shall illustrate the effect by a series of measurements
on specimens, specially selected for the purpose. In these
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measurements the magnetizing current was first changed so
slowly and continuously that hardly any eddy currents were
set up in the material. The results obtained in this way were
found to be mutually consistent.

Then the hysteresis loop was measured again in the old
careless way by simply switching the magnetizing current on
and off. Care was taken however, that no oscillations in the
magnetizing current occurred during operation of the circuit.
The resulting curves are compared with the true values.

The same was done for the normal induction curve. This
comparison leads to a natural explanation of a very annoying
discrepancy, observed in the past on this curve.

3. Choice and preparation of the specimens. As mentioned
above, ring samples do not show the effect. We shall not
therefore reproduce here any of our measurements on rings.

v

' °

0 1 2 J 4 SH

Fig. 87.
Points on the main loop of three samples cut from the same stock
but of widely differing dimension ratio.
Open circles: No. 1; dimension ratio r = 469; demagretizing
factor D = 0.00026.
Black dots: sample No. 2; r = 151; D = 0.0025.
Crosses: sample No. 8; r = 51; D = 0.0153.

A bar of carbonyl iron was drawn into a wirc of 1 mm
diameter and then cut into three pieces of widely differing
lengths (about 45, 15 and 4 cm). Thesc samples were annealed
under such conditions as to ensure an identical and homo-
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geneous internal condition., complete absence of magnetic
after effect and a high permeability.

Ballistic measurements were made on ihese three samples
in the following way: the magnetizing current was brought
slowly and continuously to the required value by means of
sliding resistances. Then the sample was drawn out of the
test coil and the throw of the galvanometer observed. Care was
taken that the wire was not damaged during removal from the

J
1500
_K‘/'/'"
f
0 0 1 2 3 4 54
Fig. 38.

Points on the normal induction curve of the samples Nos. 1, 2
and 3. Same notation as in Fig. 2.

test coil. For each point, of course, the whole process had to be
repeated. The curves obtained in this way could be accurately
reproduced. The measured curves were sheared back in the
known way and the resulting loops compared. For the two
shorter samples the demagnetizing coefficient had to be slightly
adjusted (less than 19,). To our satisfaction the three curves
obtained in this way were very nearly identical, pointing
to a good homogenety of the material. (The near identity of
the three curves was of course by no means vital to our ends.
but it makes the mutual comparison of results obtained in
another way a much more elegant affair). ¥Fig. 37 gives all
the measured points for the main loop. Fig. 38 shows the points
measured for the normal induction curve. Here also the mutual
agreement 1is satisfactory.
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In Fig. 39 the main loop and the normal induction curve
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Fig. 89

‘The main loop and the normalinduction curve of sampics Nos. 1,
2 and 3. superimposed. The latter lies well within the form.r.

are shown superimposed. It is seen that the latter falls well
inside the former.

4. Effect of a too rapid change of the magnetizing cnrrent.
Before discussing experiments, in which the current was
changed more rapidly, the exact meaning of the terms “rapid”
and “slow” must be discussed. The time constant of the sample
will be named 7, that of the magnetizing current 7*. It is
eviden: that “rapid” means 7* > 7 and “slow” t* > 1.

Eddy current theorv tells us, that the time 1 required by
the specimen to adapi its magnetic state to that of its sur-
roundings is roughly equal to the reciprocal of the frequency
at which magnetic skin cffect sets in . This latter frequency
Is given by the equation

82 f ual
il il ~ 1 (%)
o.10°

where (« is the permeability, o the diameter and o the specific

1 B. and D. p. 230.
Rescarch 19--8
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clectric resistance of the bar. This leads to the following value
for T with @ == 1 mm and o = 16-% ohm. cm.

872 ua?

T~ ~ ~ 0,0001 4 (4)

0.

u is of course variable but for our sample larger than 1000
throughout. From (1) it is seen, that a careful manipulation
of the sliding resistances will lead to a variation of the magneti-
zing current which is sufficiently slow to produce no measurable
retarding of the magnetization except perhaps on the steepest
parts of the loop.

The time t* required for the field inside a magnetizing coil
to build up or disappear, when the current is switched on and
off in the usual way, will of course depend upon the impedances
present in the circuit under the conditions of the measurement.
It will therefore be variable even in the course of one expe-
riment. In general however z* will be smaller than 7, if the
material under investigation has a high permeability.

In our arrangement, where we made use of a battery giving
50 volt and of a long coil wound in 8 consecutive layers, the
time t* varied between 16-3 and 1C8 sec. \WVe made certain
by means of the cathode ray-oscillograph that no oscillations
occurred while operating the circuit.

From the above we may conclude that in the experiments
now to be described the magnetizing current was varied so
rapidly that it caused in the sample about the maximum
time lag possible between the magnetization and tke field.

On the other hand for samples with a high coercive force
(H; > 100) the permeability u will be so much lower and the
self induction of the coil so much higher, that for these cases
7* will soon exceed r. Therefore no eddy current effect is to
be expected for materials, which are magnetically hard.

The results of the measurements of themainlooponspecimens
No. 1, 2 and 3 are shown in Fig. 40, 41 and 42 (dotted lines)
supcrimposed on the true hysteresis loop. The deviations from
the true form aie scen to depend strongly on the dimension
ratio, as expected, and for the shorter specimens No. 2 and 3
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Fig. 40.
Main loop of sample No. 1 measured in two different ways.
Drawn line: true hysteresis loop. Dotted line: deviaticn due to
the sudden change of the esternal field.

Fig. 41,
Main joup of sample No. 2 (cf. Fig. 40
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Fig. 42.
Main loop of sample No. 3 (cf. Fig. 41).

are quite considerable. Even for specimen No. 1 however,
which has only a vervy small demagnetizing coefficient
(D = 0,00026) the difference is not negligible.

In specimen No. 3 the error committed in the hysteresis
loss is evidently enormous. Even the coercive force is at fault
by a factor 2, although as can be seen from specimen No. 1,
the latter is not nearly so sensitive to this source of errors
as the induction in the “knee”.

5. The normal induction curve. THOMAS SPOONER! -in his
textbook on ‘“‘properties and testing of magnetic materials”
remarks, that from time to time the normal induction curve
fails to lie inside the main loop. “This is more often the case
than not, although textbooks generally show the curve well
inside the loop. Apparently no satisfactory explanation of
this effect has been published”. From a search of the older
publications on the subject two facts become clear:

1. The effect has bcen observed on bars only.

2. The normal induction curve used to be measured in

! I'HOMAS SPOONER, ,, Properties and lesting of magnetic materials’ .
New York—London 1937, p. 18.
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consecutive little steps (“‘step by step method’), which were
then added.

J

/"7"“’7”#=

s

0 ! 2 3 4 5N

Fig. 438.
Main loop of sample No. 3, as measured by switching on and off the current
in the usual way and normal induction curve as measured after slowly and
continuously varying the current. The latter procedure is approached by the
.,,step bv step’” method, in which the current is increased in small steps.

Now the ‘‘step by step”” method so nearly equals a continuous

J
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I'ig. 44.
Muin loop of sample No. 3 arnd the normal inducticn curve toth measurcd
in the same erroreous way. Here as in.Fig. 43 the curve lics partly outside
the main lcop, though the cffect is less striking.

variation of the magnetizing current, that it is worth while
comparing the normal induction curve obtained in this way
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with the main loop as measured by the ordinary method.

This has been done in Fig. 43 for specimen No. 3.

The picture obtained is clearly satisfactory in that indeed
the curve stretches well out of the loop.

We need not go quite as far as that however, in order to
cxplain the anomalies obtained in the past.

Fig. 44 shows the main loop and the normal induction
curve of specimen No. 3 superimposed, both being measured
by the ordinary method of switching on and off the current.

0 g2 a4 (/1] os 00H

Fig. 45.
Reproduction of the main loop and the normal induction curve as obtained
by P. . CioFF1 on a permalloy wire 1, As in Fig 9 the normal induction curve
lies partly outside of the main loop. The induction was measured by switching
the current off and on.

Though the effect 1s 1ess pronounced, yet the curve lies again
partly outside the loop.

The explanation of this fact is that the term D 4 I, which
is responsible for the error, is larger for the main loop than
for the normal induction curve by at lcast a factor two.

How utterly unknown the above described eddy current
cffect is to present workers in the field, is indicated by Fig. 45,
which is a reproduction of data given bv P. P. CioFFr ! in a
paper, specially dealing with the technique of measuring the

! P. P. Ci0FFI, J. opt. Soc. Amer., 9 (1924) 53.



11 FERROMAGNETIC BARS 119

magnetic properties of magnetically soft materials in the form
of long wires. In this figure the main loop and the normal
induction curve as measured by CIOFFI on the same specimen
(a permalloy wire of 1 mm diameter) are shown superimposed.
The normal induction curve clearly lies outside the main
loop.

The dimension ratio of this wire was so large (about 600)
and the demagnetizing factor so small (about 16-%) that the
author did not even take the trouble of correcting his curves
for this shearing action. Yet from the curves, as well as from
further data supplied by the author on the measuring technique
it can be concluded with certainty that, due to the eddy current
effect, the induction in the ‘““knee” was measured too high
by at least ten per cent.

6. Other incomsistencies. From the foregoing it is cvident
that all measurements made in the past on magnctically
weak materials in the form of bars or ellipsoids are to be
distrusted. Especially the hysteresis loss and to a less extent
also the coercive force may have been underestimated in
many cases. This perhaps accounts for the fact that some
makers of 2 very pure iron were disappointed to find that the
coercive force of their samples was not quite so low asx might
have been expected from data obtained by others on less
pure specimens. The latter data probablyv were too low.

Another point, which has been much discussed in the past.
is the so-called “WALTENHOFEX phenomenon” !. The value
of the apparent (= unshcared) remanence is found to depend
on the field strength employed in saturating the sample. In
general the stronger this field, the lower the remancnce.
Even reversals of the sign have been observed. \We¢ have
sought for a WALTENHOFEN effect in ring samples, but
found none at all. On the other hand we have shown, that
on sampies in the form of a bar a decrease of the remancnce
with increasing saturating current mav be observed due to

1 J. L. GrRaETZ, Handbuch der Elektyizitat und Magnetismus 117,
Leipzig 1920, p. 334.
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an increasing eddy current, thus leading to an effect of the
kind considered.

‘The retardation required in the magnetizing current in order
to obtain correct data, is not large. The insertion of a metallig
non magnetic tube between the sample and the coil is for most
cases sufficient. .

As a matter of fact this was the wayv in which the effect
was discovered, a coil with a water cooled core vielding results
which were persistently different from those obtained on
other coils.

An influence of inserting a metal tube inside the magnetizing
coil has been observed before by B. O. PEIRCE !, but evidently
the effect=was not correctly interpreted.

APPENDIX III
Reprint from Physica VIII, no. 7.

ON THE DECARBURIZATION OF STEEL
AND RELATED QUESTIONS

by J. L. SNoFk

1. Explanation of the formation of ferritic bands. As is well
known surface decarburization of steel is most effectively done
bv heat treating the sample for several hours in hydrogen
moistened with water vapour at a temperature lyving between
700° and 800° C.

In this note we propose to deal with the mechanism of
this decarburization process as well as with certain other
questions concerning the influence of carbon on the properties
of iron.

Figs 46—49 show on more details of the decarburization
process. Thev have been taken from a paper by D. H. RowLAND

1 B. O. PEIRCE, Proc. Amer. Ac., 47 (1912) 633; Contr. Jefferson
Lab. Harvard, 1911, No. 8.
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and CLAIR UPTHEGROVE ! on the subject and rearranged in
order to emphasize some features more properly.

Fig. 46 shows a cross sectional microphotograph of a steel
containing 0.7%, carbon, which had been heat treated for
20 hours at 790° C. On the same scale is plotted a graph denoting

% = "
0,6
04
o 5 e
hpe
0 "
0 as 10 15 20 mm 25

Fig. 46.
Microphotograph of steel decarburized for 50 hours at 790°C in hydrogen
saturated with water vapour. X 100. The diagram gives the carbon content in
consecutive layers as determined by chemical analysis of peripheral turnings
from the test rod.

the carbon content as a function of the depth under the surface.
This diagram and more strikingly even the microphotograph
show the existence of a nearly completely decarburized surface
layer, below which the carbon content rises steeply to much
larger values,

1 D. H. RowLAND AND CrLAIR UPTHEGROVE, Trans. Am. Soc.
Met., 24 (1936) 96.
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We are interested in the way in which this ferritic band
comes into existence.

Fig. 47 gives microphotographs of the same steel after heat
treatment for 5, 20 and 50 hours respectively at a somewhat
lower temperature (735° C). The boundary is even more sharp

Fig. 47.
Stecl decarburized for 5, 20 and 50 hours respectively at 735° C in hydrogen
saturated with water vapour. x 90.

here and is seen to displace itself gradually in the course of
the heat treatment.

In Fig. 48 the displacement of the boundary has been plotted
against time.

The diagram of Tig. 49 finally shows the depth reached
after 50 hours at various temperatures of the decarburization.
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Tig. 48.
Relation of the width of the ferrite band to time at 735° C.
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Effect of temperature on width of ferrite band.
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A brovad maximum is found near 760° C. Below 685° C and
above 900° C no such ferritic bands are found.

Yarious attempts to explain this ferritic band have been
made in the course of time, but so far without much success !.
Fig. 50 gives the relevant portion of the iron carbon diagram.
The upper dimit of the temperature interval where ferritic
bands are observed coincides more or less with the temperature
above which no ferritic phase is present during heat treatment.
Clearly the presence of such a phase during the treatment is
essential for the occurrence of a decarburized zone with a sharp
boundary.

In the course of some work on magnetic after effect in highly
pure iron in which traces of carbon were present we arrived
at the conclusion that the phenomena of after effect, which
were clearly connected with the presence of such small traces
of carbon in the iron, could only be explained by an act of
diffusion of the carbon under the influence of a magneto-
strictive strain 2.

The strong temperature dependence of the phenomenon
made such a conclusion seem inevitable. Conversely this
temperature dependence could be used for a determination of
the activation energy characteristic of the diffusion process
in the ferritic phase. Assuming that a formula of the general
form

Dy = D, 4T (1)

for the diffusion also holds in this case, it was found that 4

was equal to 9000° K for the «-phase.
For # iron the most reliable determination of D gives:3

DY = 0.49 ¢-18300/T (2)

It is at once seen that the rate of diffusion of the carbon

1 Cf. W. BatvkrLon AND B. KNapp, Arch. Eisenhiittenw., 12
(1939) 405,

¢ J. L. SNoEK, Phyvsica, 6 (1939) 161. Cf. also: B.and D., p. 262,

3 W. Jost, Diffusion und chemische Reaktion in festen Stoffen,
Dresden 1937
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in the a phase must be enormously much higher than in the y-
phase under otherwise comparable conditions. Yor the a—y
transition point one calculates for the ratio D,/D,, assuming
that the value of D, is the same for both phases.

IB)'.’ — £9300/1183 _. 96(X) (3)

Fig. 50
Part of the iron carbon diagram.

This of course is a surprising conclusion !, the current opinion
being that the rate of diffusion of carbon in de « phase is much
smaller than in the y phase.

However from the evidence cited above about the occurrence
of ferritic bands after decarburization, as well as from certain
experiments of our own concerning the decarburization of low
carbon alloys, it is seen that the discovery of this fact constitutes
the finding of the missing link in the whole chain.

In fact once the fact is recognized that the rate of diffusion

1 Later (1944) calculations by Dr D, PoLpek of this laboratory
have shown the cocfficient /g to bhe cqual to 0,52.10-3 for 2 ir¢
thus reducing the factor 2600 to much more reasonable values,
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of carbon in the a phase 1s unusually high, there is nothing
mysterious any more in the occurrence of the characteristic
ferritic bands under the circumstances given.

As may be seen from the iron carbon diagram (Fig. 50) in a
certain temperature interval lying between A, (720°C) and
Ay (910° C), the carbon finds itself in solid solution in the y-
phase at the beginning of the decarburization process. Very
soon however the surface becomes poorer in carbon content
and the alloy then enters the two phase region GSP.

As soon as the a phase has been formed to such a degree
as to establish sufficient connection between the individual
regions, this phase acts as a perfect ‘““drain’’ on the remaining
carbon and therefore the surface layer soon becomes completely
ferritic. In the course of the further decarburization the ferritic
phase always remains immediately ‘““on the track’ of the newly
formed two phase layer. This lasts until the ferritic layer has
become so thick that the diffusion begins seriously to hamper
the rapid removal of the carbon.

The maximum of Fig. 49 remains to be explained. The rapid
falling off towards lower temperatures is a natural conse-
quence of the decrease in the diffusion with temperature. On
approaching A, there are other reasons for a decline of the
rate of growth of the ferritic band. The first is that the critical
concentration at which the y phase disintegratesinto y <+ «
becomes smaller with increasing temperature. Secondly the
maximum solubility of carbon in the a phase decreases. Above
-1; no such characteristic ferritic bands arc ob:erved, although.
o1 course part of the material turnsinto ferrite after cooling.

2. Other estimates of the rate of diffusion of carbon in the a phasc.
A direct determination of the rate of diffusion of carbon in
the a phase would of course be desirable, but seems out of
question because of the very small solubility. We have however
other indirect cvidence to cite besides tlie argument derived
from the study of the after effect, which also lends strong
support to the idea that the rate of diffusion in the a phasc
is exceedingly high.

It wus observed, that an iron cobalt alloy of composiiion
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30/50 in order to yield a high induction in a field of say 10
Oersted had to be heated in hydrogen for a long time. The time
required proved to be a function of the diameter and so it
was concluded that the magnetic quality of the alloy depended
upon the degree of decarburization.

For this alloy the a—y transition point lies at 980° C. It
occurred to us that a series of decarburizing treatments imme-
diately below and immediately above the transition point
would probably reveal the higher efficiency of a treatment
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Fig. 51.

Effect of decarburizing treatmcnt on the induction measured at // = 10 Oe
for a 50/50 Fe Co alloy. Dccarburizing was dore slightly below and slightly
above the a —> y transition point (980° C). Diameter of the speciincen : 1.5 mm.

at the lower temperature on account of the reasons mentioned
above. As the decarburizing agent dry hydrogen and hydrogen
with water vapour was chosen. Fig. 51 shows the variation
of By—10 as a result of a treatment in purified hydrogen. At
920 and at 1050° C respectively evidently the same final value
is approached, but the time required at 1050° C is much longer.
Of course the differences might have been concealed or exag-
gerated by differences in the velocity of the surface reaction.
As the next step, water vapour was therefore introduced into
the hydrogen. By this change the high temperature curve was
not affected in the least, but the reaction at low temperatures
now proved so fast that after 10 minutes the specimen, which
had a diameter of 1.5 mm, was completely decarburized.

In our opinion this magnetic evidence proves conclusively
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that a time of 10 minutes at 920° C is amply sufficient for the
carbon to cover a distance of 1 mm. This again is only possible
if the coefficient of diffusion is indeed of the high magnitude
anticipated by us.

3. Affinity relations, value of the combustion test and maximum
decarburization obtainable. 1t was shown by us in earlier papers !
that the presence of small quantities of carbon in solid solution
in annealed iron not only leads to a magnetic after effect,
but also that an elastic after effect is produced.

Carefully purified samples of iron show, when the internal
damping is measured for a frequency in the neighbourhood of
1 per/sec between —30 and +30°C, a perfectly normal depen-
dence of the internal damping. 4 on the temperature. The
damping is small and almost independent of temperature, if
care is taken to avoid magnetostrictive effects by placing the
specimen in a magnetic field.

By heating the sample at 700° C in an atmosphere of carg-
fully purified hydrogen to which a small amount of carbon
monoxide has been added, a small amount of carbon mayv
be distributed homogeneously in the sample. After this treat-
ment the sample is quenched in order to prevent the carbon
from segregating in the form of a carbide. Quenching needs
not be severe however to keep all of the carbon (e.g., 0.01%)
in solid solution.

After the introduction of carbon the internal damping shows
a pronounced maximum near room temperature. Measurements
by DijksTRA show that the height of the maximum is directly
proportional to the amount of carbon introduced. Indicating
this extra damping due to carbon with the symbol .1¢c we
may say that every 0.001 percent carbon leads to an increase
in Ac of 0.00673, an amount, which is easilv measurable.

By again heating such a sample in carefully purified hydrogen
at 830° C, the maximum can be made to disappear again.
Now the first point we want to stress is the following: If the
heating is continued in exactly the same atmosphere at say

1 J. L. SNOEK, Phvsica, 6 (1939) 591.
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1000” C, i.c., slightly above the A, point, a small maximum
reappears.

This fact shows, that:

a. A certain amount of carbon was always present in the
gas notwithstanding the high degree of purification.

b. The affinity of the y phase to carbon is much larger than
the affinity of the « phase. This is in agreement with the
form of the phase diagram.

We will use these facts in a later scction. We do not know
where the remaining carbon came from. The fact however,
that both hydrogen purified by ourselves and highly purified
hydrogen from an industrial plant viclded the same result,
leads us to belicve that it came from certain parts of the
apparatus rather than from the hydrogen itself.

On reheating below the A; point, the maximum again
completely disappears.

We are now going to make an cstimate ol the maximum
degree of decarburization arrived at in our experiments. Our
precision allowing an effect as low as 4 = 0.0002 to be
detected, we must assume that by a careful treatment of high
purity iron it is possible to obtain a carbon content far smaller
than 0.0019, in fact smaller than 0,0001°,. This certainly is
again a remarkable conclusion, a few thousandths percent
being usually given as the lowest limit obtainable.

We have thought it advisable to test this result by the
classical combustion mcthod. In this laboratory an apparatus
had been constructed by Dr J. J. WENT much along the lines
indicated by T. D. YENseN L. Samples carefully decarburized
by us were tested in it with every precaution. We nced not got
into details here, but only mention the general result: at first
it did not seem possible to obtain results lower than 0,003¢,
By replacing the alundum crucible by a quaitz vessel however,
a sudden drop to 0,001°;, was obtained. The conclusion is
that the combustion test does not allow of a higher precision

1T D, YenskN, Chapter on the preparation of  magnetic
materials in: Fx. Brrrer, Introduction to I'erromagnetism, New
York 1937.

Research 19—9
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than this and therefore measurements of the elastic after
effect are the better guide at these very low concentrations.

4. Plastic properties. It was pointed out by E. Orowan !
that annealed iron when twisted around a finger does not bend
into a circle, but instead

7 of that forms a poly-
gon. OrRowaN at the time
made a great point of this.
Irom this fact as well as
from some other experi-
ments he drew the con-
clusion, that a pure metal
may be very strong, when
made entirely without
flaws. 1t occurred to us
that iron in a pure state
is hard to obtain and
really pure iron might not
show this exceptional
phenomenon. In view of

Fig. 52. o Peatll -ty
Upper half: ORowaN's photograph of a the strong clastic after
twisted copper and a twisted iron wire. effect produced by small

Lower half: to the left a twisted wire amounts of carbon and
of an iron specimen which had been : : ; .
carefullydecarburized and denitrogenized. nitrogen 1t mlght even be

To the right:the same iron after loading possible that these ele-

with about 0.003 9% carbon. l.oading with ments had sumething to
an equal amount of nitrogen has precisely . :
the same cffect, do with 1t.

Experimental -tests
proved this conjecture to be true. In Fig. 52 Orowan’s
photographs of a twisted copper and a twisted iron
wire are reproduced. Below these a twisted wire of purified
iron and one of iron containing 0,003% of carbon are
placed. It is clear that the phenomenon is a secondary
one and has something to do with the bad fit of the carbon
particle in the lattice of @ iron. In view of the fact that the

1 E, OrowaN, Proc. phys. Svc. London, 32 (1940) 8.
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phenomenon did not disappear after aging,it must be concluded
that most probably some segregation had already taken place
in the (air) quenched samples.

APPENDIX IV

ON THE THEORY OF THE ELASTIC AFTER-
EFFECT IN IRON

by D. POLDER

This paper contains an outline of the rigorous mathematical
theory ! of the elastic after-effect in a-iron containing small
amounts of carbon in solid solution; and is based on the ideas
of SNOEK, given elsewhere in this book.

We use the following notation. Cx = number of x-positions
occupied by C-atoms divided by the number of available
x-positions, which isequal tothe numberofironatoms=N/V per
cmd. Cy = Cy= Cy= C, in a state, in which all components
of strain (e¢) and stress (P) are zero. Cx — Cy == ¢x.

In view of the cubic symmetry, the free energy is written as

F = Fy,+ keyy (exs® +eyy® -+ exs?) + Cpp (€xslyyt eyyss+ €xsezx) +
+ dci (eay’ ey +ens?) + O (e +cytes) (cxs + eyy + cas) +
+ & (cxesz + Cyeyy + Catxz) + @ (cx + ¢y + €)% +
+ 37 (cs* + ¢ + ¢5*) — TSpm. (1)

The x, y and z-axes lie in the direction of the crystal axes.
€11, €1y and ¢y, are the well-known elastic constants; the terms
with d and ¢ account for the interaction energy between carbon
and the iron crystal; the terms with ¢ and x describe the
mutual interaction of the carbon atoms. Sy, is the entropy of
mixing, which can be developed into a quadratic function of
¢y, cy and ¢z if ¢y 7 0.

! The theory is given in Philips Res. Rep., 1 (1945/46) 5.
Research 19—9*
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Nk .
sz_? Z CG;InC; + (1—C)In(1 —C;) =
f'=2,y-l
R

=3 Ve, (ea® +.68® + i), (z <K 1). (2)

From (1) we obtain:

I. The deformation of the lattice of pure a-iron (Cy = 0)
due to known amounts of carbon on x, v and z-positions
when all stress components are zero. F must be minimized
with regard to the strain components. This applies to the
tetragonal martensite, with Cy == Cy = 0.

We find:

3)

& <c,, — exx)
‘n— (2 Cx Mart

II. The variations of Cy, Cy and C; due to deformations
of the crystal in which in the unstrained state Cs = Cy = Cz =
Co > 0. F must be minimized with regard to ¢y, ¢y, and ¢, and
we find

¢ (RT -
Cy = — 3- (T/?o -+ x) . (.’. €xy — Cyy —-- C'x:\' (4)

ITI. The components of stress in terms of strain components

in the case of instantaneous elasticity (cx = ¢y = ¢; = 0)

dF

Pirr=— =y yxx + 12 ((yy + Cx)
Cxx
. ®)
OF
P’y = —— = Cyy%xy
bex_y

IV. The components of stress in the case where the carbon
atoms are free to reach the distribution corresponding to
thermodynamic equilibrium (elastic after-effect included).
After I is differentiated with regard to e, (4) must be substi-
tuted in the equation obtained:

Pry= (0 —za) exx + (c1p + a) (eyy + €x) 6)
Pry = cyexy (
in which
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e [RT -1 _
a—_(VC0+ ) . (7)

We now introduce a new system of axes, &, , { and assume
that the material is in a state of simple tension, so that Fg
is the only non-vanishing stress component. When a, g and y
are the cosines between {-axis and #, y and z-axes, we derive,
following the usual procedures in the theory of elasticity, in
the case of instantaneous elasticity:

qp= Iy § ——mt
((Cn — €19) (64 + 2cpy)

Cqq n 1

S Peer (R T R I T

The extension ¢’y;, — after-effect included — is obtained
if we replace in (8) ¢y, by ¢;; — za and ¢, by ¢, + a.

We assume <€ 1 and neglect terms with a®. The

result is ‘n— 6

R RT+ -1 ¢ 8><
144 L= 453 (VCO C—6

X 31 — 3 (@ + e + r“a’); (9)

Now experiments show that the after-effect is directly
RT

proportional to C,. That indicates that y <€ ——. The
final formula is found by substituting ¢3) into (9): 0
¢'rr — oyp = P V( (ezz - t'xx)2
E—w= -8y Cr Mt
X 21 — 3 (2} + B+ 7,2,,2‘,§ (10)
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APPENDIX V

SHAPE OF A BLOCH ZONE EXPOSED TO THE ACTION
OF AN EXTERNAL FIELD H, AND KEPT IN POSITION
BY “FREEZING IN” CERTAIN SPINS.

We first treat the case where H, —= 0 and wish to find the
way in which 6, the angle between the spin and a certain
direction along which we are to apply a magnetic field later,
varies with 7, the position along a line passing through the
spin in a direction normal to the Bloch zone.

The calculation runs on the same lines as indicated by
BECKER and DORING on page 191 of their book.

One easily derives for y, the surface energv of the Bloch
zone, the expression

y = jg T (dr/) + Csm’@% dy = /-F 0, 0) (1)

where C = £ Ao (4 the magnetostriction, o the external stress)
and A4 the exchange energy per cm3.
We require y to be minimum and this leads to the Lagrange

condition
L (20) 2t 2
dn \ @ 20

Evaluating (2) and putting %equal to 4, where 6 turns out
a
to be the effective thickness of the Bloch zone, we find

Fod ,d0_d o (3)
4 dpy dy d@

Multiplying by :—9 we find
N

& ,(‘ﬁ)' — sin®0 + C, 4)
1 dy
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in which C; may be put equal to zero. We then find the diffe-
rential equation

o d@ -

—_ = d J)

2 sm0@ K ©)
which on integration leads to
0 (2]

—In tan— = C, 6

> > n+ C, (6)

By choosing C, zero, the zero point for the ordinate
] -
x=2— (7)
é

is made to fall just in the middle of the Bloch zone, i.e. in the

point where @ assumes the value =z lying midway between
the extremes 0 and =. 2

To the right and the left of this pomt the curves indicating
the variation of @ with x are identical in shape (Fig. 25).

On applying an external field and keeping the boundary
zone in place by an artificial means this symmetry with respect

to the point where @ equals g- is bound to disappear.

de .
Moreover we may expect o to assume higher values on

the whole. We shall now see how the modified calculation
runs. Instead of (1) we obtain

__fe ( )+sm-(')+]——f>c0s0%dr) /F(OO yd#n (1a)

where

lemax:Hc:Imx'He. N 12
C 3/2 ko

H, being the external field. This leads to
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# d, do d d
— . — 2— = —sin?@ + — o 3a
T I a e ? Tt s O (3a)
instead of (3) and thus to
ﬁ. d_E_) = sin? @ — p cos O + C, (Ha)
4 \dy

instead of (4). We put C, equal to one, because then and only

then d_@ becomes equal to zeré, if @ is chosen equal to zero.
n
We find instead of (J)

de

‘/Sin2 O 4-2p sin’.('.—))

= dy (3a)

el >

which on integration leads to

2 tan —
1 2 9

.In =N C,—=9 C
il e e e
5 + +l+p/2.an-2—

In Fig. 25 the dotted line indicates the modified and now no

longer symmetrical form of @ (x), choosing # equal to 0.1

and C; = zero. q0
From the form of () it is 1mmedlatelv visible that = at

T
the point where @ is equal to — is no longer equal to one,

.—

but that instead of that we have in first approximation

d—().—.—]/sin”O-}-2[)sin2—(—l-=l-|-£ )
dx 2 2

It is of course an open question whether the shape of a Bloch
zone which is exposed to the action of an external field and
Kept in position by artiticial means has any likeness to a zone
which is actually moving under the action of the field.



NOTES
added to the second edition

a Dispersion and absorption at high frequencies

After this book went to the press for the first time our ideas
concerning the cause of what was then called the h.f. magnetic
after-effect (cf. § 20) have changed considerably 1.

It has now become clear that the losses at frequencies of
the order of one Mc/s are due to resonance rather than afier-
effect.

A spinning electron whose direction of spin does not coincide
with the direction of minimum energy when left to itself
performs a precessional movement round this direction.

Suppose a magnctic field Hp is the only directional force
acting on the spin. The circular frequency of the precession
is then given by

wo = [g|.Hp (1

where g =" =176 x 10° )

: : : eh :
1s the ratio of the magnetic moment ryp to the mechanical
7Tt me

moment § . -
2n

For a sphere which is magnetized to saturation by a suf-
ficiently strong field Hp, equation (1) is wholly correct. For
an ellipsoid modifications have to be introduced due to the
circumstance that the demagnetizing factor N and accordingly
the total internal magnetic energy is now a function of the
direction of magnetization.

Equation (1) is found to change into the self-evident form:
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wo=lg| [31% + (Nx — N M $Hp + (V) — N Mﬁ]* ®)

In this equation N, is the demagnetizing factor along the main
axis of the ellipsuid coinciding with the direction of Hp . Ny and
N, are the demagnetizing factors for the two other main axes
and M the saturation magnetization.

Calculations show that a weak magnetic field of frequency
w ~ wy when applied in a direction at right angles to Hj tends
to excite this precessional movement to an amount depending
of course on w —w, and further on the internal damping.
Neglecting the influence of the latter it is found that the
component of the magnetization in the direction of the applied
field in the neighbourhood of w, is increased with respect to
the static value in the ratio x (w), which is given by the equation

1
x (w) = Y 4)
()

W,

Large positive and large negative values may thus be expected
for values of w just below and just above w,. For w »w, the
magnetization decreases proportional to w-2. The essence of
these facts has already been verified on thin sheets of ferro-
magnetic metals 2. It remains to be explained what all this
has to do with magnetic losses observed in samples of ferrite
in the absence of any polarizing field.

The answer is that in swch samples the anisotropy field
takes over the role of the polarizing field, in providing the
required directional force 3.

For a specimen having uniaxial symmetry and being
magnetized at right angles to the dlrectlon of minimum
energy one easily derives

wy='g! % ()
C T X '
where 7, is the observed static value of the susceptibility.

Equation (5) suffers only minor changes when adapted for
use with polvcrystalline aggregates having a cubic structure
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such as have the ferrites studied by us. One may expect that
always Wobs < Wy (6)

and this is actually found in experiment.

The reciprocal relation between w, and yx, as given by ()
is highly satisfactory because it is what general experience
seems to indicate.

It remains for the future to work out the details of the
facts connected with the change of the permeability with
frequency as observed in the ferrites.

b Neel's criticism of the Becker-Kersten theory

L. NEEL ¢ has drawn the attention to the fact that BECKER
as well as KERSTEN leave completely out of account the internal
energy created inside a ferromagnetic sample, if the condition
that the normal component of the magnetization shall not be
changed on passing through a BLocH boundary zone is violated.

In general we must expect that every unmagnetic or weakly
magnetic inclusion, the size of which passes a certain critical
value gives rise to new domains in the immediate neighbour-
hood of this inclusion.

KERSTEN’s model is also too simple in that the distribution
of the inclusions is assumed to be strictly periodical.

The new formulae derived by NEEL are very complicated
and at this moment preclude a satisfactory discussion.

It is highly satisfactory, however, that the additional WEIss
domains expected to occur near an unmagnetic inclusion have
been since observed in the Laboratory of the Bell Telephone
Company by means of the magnetic colloid method 3.

Eindhoven, July 20th 1948

REFERENCES

. L. Sxoek, Nature, 160 (1947) 9); Physica, 14 (1948) 207,
H. KiTTEL, Phys. Rev., Ti (1947) 270, 73 (1947) 155.

2 ]J. H. E. GrIrrITH, Nature, 158 (1946) 670.

3

1

SO

. A. Yacer and R. M. BozorTH, Phys. Rev., 72 (1947) 80.

. Lanpav and E. LirsHiTZ, Phys. Z. Sovjet Union, 8 (1935) 153.
NEEL, Compt. rend., 223 (1946) 141; Cah. de Phys.. Nr 25

(1944); Ann. de !'Universite de Grenoble, 22 (1947) 299.

- J. WirLLiams. Phys. Rev., T1 (1947) 646.

e

4
5

s












