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An experimental and theoretical study of the relationship between saturation magnetostric-
tion and the order-disorder transformation in an iron-cobalt alloy has been carried out. For the
experimental work Fe-Co alloys in the neighborhood of the SO atomic percent composition con-
taining 0.7S percent Cr were employed. Measurements of both electrical resistivity and neutron
diffraction have been used to confirm the presence of the superlattice. Measurements of the
magnetostriction were made with a resistance strain gauge technique. An increase in the satura-
tion magnetostriction is observed on ordering. Theoretical analysis based on the influence of
order on the fluctuation of local electron density predicts a variation in agreement with experi-
meat and also accounts for the influence of composition.

INTRODUCTION

'ANY magnetic phenomena depend very
~ ~ critically upon the fundamental magneto-

strictive constants. Becker and Kersten' have
shown that the coercive force and initial perme-
ability should depend very markedly upon the
saturation magnetostriction, X,. The high co-
ercive force in such materials as cobalt magnet
steel can be traced directly to this prediction. '
It has been felt that many hitherto unexplain-
able anomalies in coercive force and perme-
ability might become resolved if the magnitude
ef X, can be related to some fundamental struc-
ture characteristics of alloys. Since many of
these anomalies are exhibited by binary alloys
in which there is an order-disorder transforma-
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Fro. i. Circuit diagram of magnetostriction
measuring apparatus.

'See, for example, the recently published compilation
'by Kersten, Foundations of the Theory of Ferromagnetic
Hysteresis and Coercive Force (Edwards Brothers, Inc. ,
Ann Arbor, Michigan, 1946}, (in German).

~ J. E. Goldman, Trans. A.S.M. 37', 212 (1946}.

tion, it was decided to investigate an alloy sys-
tem of this type in order to ascertain whether
there exists a relationship between order-disorder
and magnetostriction. Theoretical analysis of
the inHuence of order on local electron density
and thus on magnetization and magnetostriction
also indicated the possibility of an appreciable
eRect.

EXPERIMENTAL

Samples of the alloy were prepared by melting
pure electrolytic iron and pure cobalt in a high-
frequency vacuum furnace. 0.75 percent chro-
mium was included in the melt in order to permit
the material to be properly worked. ' The ingot
was then forged and cold-rolled into strip 0.038
cm in thickness and annealed for 10 hours at
850'C in wet hydrogen in order to remove any
carbon that may be present and to further
homogenize the material. In its final form, the
amount of carbon present in the sample was less
than 0.005 percent. The samples were prepared
in the form of strips 15 cm)&3 cm)&0.038 cm.
T'his is actually half of a conventional Epstein
strip. All the strips were then heated to 900'C in
a neutral atmosphere and quenched in cold
water. In order to keep the samples Hat, the an-
nealing as well as the quenching was accom-
plished by placing the strip between two —,'-inch

3 Subsequent measurements on chromium-free alloys in-
dicated the e6ect of this addition to be negligible.
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copper bars. The ordered samples were annealed
for several hours at a temperature slightly belo~
the critical temperature for order which is 732'C.

Magnetostriction measurements were made
with the resistance strain gauge technique which
was first suggested and employed for this pur-
pose by one of us. ' These strain gauges operate
on the principle that if a thin wire is stretched,
its resistance will undergo a change proportional
to the degree of strain. The constant of pro-
proportionality, the gauge factor,

AR/R
G.F.=—

Al/i

varies from 1 to as much as 12.1 depending
upon the material, the magnitude of the stress, and
other factors. The fine wire is bonded to a small
piece of treated paper which is in turn bonded
to the member whose strain is to be measured.
These experiments have been carried out with
Type A. gauges (advance) of the SR-4 series
manufactured by the Baldwin-Southwark Divi-
sion of the Baldwin-Locomotive Works. The
isoelastic gauges although possessing a higher
G.F. are unsuitable for this application —because
of the magnetoresistance of the gauge material.

In order to obtain the desired sensitivity of
2)&10 ' in the apparatus, it was necessary to
measure DR/R of the order of 4&&10 '. This was
accomplished by means of a conventional type
d.c. Wheatstone bridge circuit with a Rubicon
photoelectric galvanometer as the detecting de-
vice operating as a deflection instrument rather
than as a null indicator. The effect of temperature
or other electromagnetic and atmospheric varia-
tions is minimized by employing identical gauges
in all four arms of the bridge, all mounted on or
close to the sample under test, and a single
shielded and thermally insulated decade resist-
ance box in parallel with one arm for balancing
and calibration. The active arm of the bridge con-
sists of two gauges in series, one mounted on each
side of the strip under test. This minimizes the
error due to bending of the sample. The mag-
netizing field is supplied by a symmetrical
Hipernik yoke. The yoke, sample, and bridge
are kept in a large thermally insulated box to
reduce still further the effect of air currents and

4 J.E. Goldman, Phys. Rev. 'I2, 529 (1947).
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FrG. 2. Amplifying circuit for photoelectric galvanometer.

changes in ambient temperature. In order to
minimize flux linkage by the gauge leads, all
leads are twisted and brought out symmetrically.
A schematic representation of the circuit is
shown in Fig. 1. Details of the photo-galvano-
meter are shown in Fig. 2.

With this arrangement and with drift as well
as pick-up reduced to a negligibly small value,
a change in resistance corresponding to a strain
of 10 ' gives a deflection on the secondary
galvanometer of 46 mm. This corresponds,
therefore, to a strain sensitivity, dl/l per mm
=2.15)&10 '. Since we can estimate without

difhculty to a fraction of a mm, it is felt that
measurements of strain down to 10 ' can be
made with good accuracy and reproducibility.
The maximum uncertainty due to drift during
the course of a measurement is of the order of
0.25 mm.

Measurements of magnetostriction were made
by saturating the strip in the yoke and measuring
the change in length when the flux density in
the strip was reduced to zero. Magnetic measure-
ments were made with a search coil and ballistic
galvanometer.

There are several inherent advantages in this
type of measurement which it may be of value
to point out. (1) The measurement of the mag-
netostrictive strain utilizes only a very small
portion of the sample, usually no greater than
1 inch, and measures the magnetostriction over
this region. This has the dual advantage of
permitting the use of very small samples and
eliminating end eBects due to shearing strains,
non-uniformity of flux, etc. (2) The nature of
the method is such that the e6'ect of temperature
and other variables is essentially eliminated.
(3) A closed magnetic path may be used, thus
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TABLE I. Saturation magnetostriction and electrical
resistivity of quenched and annealed Fe-Co alloys of the
50 atomic percent composition. The degree of order as
evidenced by the neutron di8raction patterns is included
in the table.

Saturation magnetostriction

Electrical resistivity
(micro-ohm-cm)

Neutron diBraction

Quenched

u.s yiO-5

24.2

Slightly
ordered

Annealed

9.2 )(10 5

Well
ordered

assuring a greater uniformity of flux distribution
and eliminating possible errors due to form
effect. (4) Finally, and perhaps most significant,
by using square samples and type AX gauges,
measurements can be made quite readily in two
perpendicular directions, thus eliminating to a
great extent the uncertainty in the knowledge
of the demagnetized state, and errors due to
the possible non-randomness of the initial dis-
tribution of domain directions.

Resistivity measurements were made by the
standard method of using a type K potentio-
meter and measuring the voltage drop across
two fixed points in the sample as well as the
potential drop in a standard cell in series with
the sample, the latter measurement determining
the current. To detect the state of order by direct
means, samples were given to Dr. S. Siegel who
used neutron diffraction techniques' at the
Clinton pile of the Oak Ridge National Labora-
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FIG. 3. Resistivity of quenched and annealed Fe-Co
alloys containing various amounts of cobalt (0.75 percent
Cr). Saturation magnetostriction for the 45 and 50 percent
alloys is shown by the dashed curve. Scale on the right
indicates magnetostriction.

~S. Siegel and C. G. Shull, Bull. Am. Phys. Soc. 23,
No. 4, 5 (1948); also, S. Siegel, private communication to
the authors.

tory to detect superlattice lines in the alloy.
The x-ray atomic scattering factors of iron and
cobalt being so similar, it is difficult to employ
the standard x-ray techniques for this purpose.

RESULTS

The results of the investigation are shown in
Table I. The values given are averages for several
samples. The deviation for the magnetostriction
values is in no case greater than &10 percent
for the quenched samples and only a, few percent
for the annealed samples.

It is seen that the magnetostriction at satura-
tion increases by about 40 percent upon ordering.
It must be pointed out, however, that the neu-
tron-diffraction patterns indicate that even the
quenched samples are seen to be to some extent
ordered. Photomicrographic evidence precludes
the possibility of this change as well as the
change in electrical resistivity being due to any
metallurgical effect such as a dispersed phase or
grain size effect.

It may be of interest to point out the varia-
tion in electrical resistivity as a function of
cobalt content for samples quenched and air
cooled from 850'C. This data, shown in Fig. 3,
appears to be consistent with the hypothesis
proposed by Ellis and Greiner' that a certain
amount of ordering takes place at 35 percent
cobalt and increases in degree with increasing
cobalt content. The saturation magnetostric-
tion for the 45 and 50 percent Co alloy measured
on the same samples has been included in the
figure. It has already been pointed out above
that the quenched samples are to some extent
ordered and the state of order would therefore
be quite sensitive to the quenching rate.

THEORY AND DISCUSSION

There are, in general, two ways of approach
to the problems of magnetic properties within
the domains of a ferromagnetic metal. In the
case of volume properties one treats the whole
domain as a unit without specified crystallo-
graphic directions, and the approach is partly
based on the band theory of metals. The mag-
netization appears as strongly dependent upon
the relative size of unfilled 3d-shells as compared

s W. C. Ellis and E. G. Greiner, Trans. Am. Soc. Metals
29, 415 (1941}.
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to the interatomic distances. This theory is

particularly successful in explaining the satura-
tion moments of the ferromagnetic metals, in-

fluence of alloying elements, volume magneto-
striction, and other aspects' which depend upon
the average electron density and do not involve

explicit crystallographic directions. The notion
of an average electron density in the 3d-shells

in a metal, and in particular in an alloy, can be
interpreted either in terms of a 3d-band or,
perhaps preferably, in terms of an additive
interaction between 3d-shells of individual atoms.
The dependence of the interaction forces (ex-
change forces) between the 3d electrons upon
the ratio of the interatomic distance to the radius
of the 3d-shell has been pointed out by Slater'
and later more quantitatively expressed by Neel'
in his plot of the coef6cient of molecular field

against distance between the 3d-she11s (see Fig.
4). This way of approach, however, is not. suit-

able for the treatment of linear magnetostriction
and a literal interpretation of the above curve,
as representing interaction between a pair of
atoms in the crystal lattice, is not immediately
justified. As shown below, the magnetostriction
of iron is due to the angular dependence of the
interaction between the magnetic moments of
the atoms rather than to the dependence of that
interaction upon distance as one might like to
infer from the curve in Fig. 4. Magnetostriction
of iron estimated on the latter basis appears to
have a wrong sign and a wrong order of magni-
tude. Also an attempt to explain the influence of
order on magnetostriction, by taking into ac-
count the difference of the radii of the 3d-shells

of iron and of cobalt and estimating the shift
of the representative points on the curve in

Fig. 4, fails.
The other type of approach which is much

more successful in the treatment of the linear
magnetostriction is that given by Becker. ' Every
atom is supposed to behave as a magnetic dipole
and the interaction between parallel dipoles is
give» by the well-known formula

p2
U =—(1—3 cos'-'n),

r3

~ L. Noel, Ann. de physique 8, 237 (1937). R. Smolu-
chowski, Phys. Rev. 59, 309 (1941);60, 249 (1941).' J. C. Slater, Phys. Rev. 36, 57 (1930).' R, Becker, Zeits. f. Physik 62, 253 (1930).
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FIG. 4. Curve giving the molecular field coefficient as a
function of the distance between 3d shells (after Noel).

where r is the distance and n the angle between
the line joining the atoms and the direction of the
dipoles. This model is clearly over-simplified;
but, apart from a numerical factor, it describes
the linear magnetostriction of iron satisfac-
torily, although it is less successful in the case
of nickel. It gives, however, no clue as to the
probable dependence of magnetostriction on
composition of alloys and upon the various
volume properties which lead to the curve shown
in Fig. 4.

No attempt will be made to estimate theo-
retically the possible dependence of the exchange
forces between unfilled 3d-shells upon the angle
between the direction of magnetization and the
line joining the two atoms. Instead, in our theory,
which will be developed for a body-centered cubic
lattice, we shall follow essentially the dipole
approximation including, however, certain fea-
tures of the other point of view. For simplicity
we shal1 limit ourselves to the interactions be-
tween an atom and its nearest and second near-
est neighbors, which in a body-centered lattice,
are only about 15 percent further away. Also we

shall limit ourselves to the magnetostriction i»
the direction of easy magnetization. Both these
simplifications can be easily removed, but the
treatment becomes then unnecessarily cumber-
some. We shall consider the magnetostriction in

the [100]direction, which is the direction of easy
magnetization in iron and in some iron-cobalt
alloys and is accounted for on the basis of
Becker's theory. According to Shih, ' there is
indication that in a 50:50 iron-cobalt alloy the
direction of easy magnetization is the L111]
direction. This case has been examined in detail
and it appears that all the results of our theory

10 J, g). Shih, Phys. Rev. 46, 139 (1934).
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Fia. S. The unit ce11 of a body-centered cube showing the
three kinds of neighbors of an atoxn in a domain.

including the quantitative inHuence of ordering

apply here also except for the di6'erence in sign
of the magnetostriction as in Becker's theory.
Figure 5 represents an atom and its neighbors
in a body-centered cubic lattice in a domain
which is magnetized along the L100j direction
which we chose as the direction of the X co-
ordinate. The atom A has three kinds of neigh-
bors: nearest neighbors of the type C; second
nearest neighbors in the direction of magnetiza-
tion, type 8; and second nearest neighbors
in the directions perpendicular to the direction
of magnetization, type D. In iron and in iron-
cobalt alloys the magnetostriction is positive;
thus, in the magnetic condition the interatomic
distances parallel to the direction X are in-
creased by a factor (1+X). In the other two
perpendicular directions the distances are de-
creased by a factor (1—X/2). Thus, we use the
condition that magnetostriction occurs without
a change of volume, although a correction could
be easily introduced for the known Poisson's
ratio. Differentiation of the expression (1) gives
easily the following contributions of the three
types of neighbors to the change of the magnetic
interaction as the function of the parameter ):

]6 ~2 ~2 3 ~2

AU(; ————V3—X; AUg=6 —X; DUD= ——)
9 a' 6 2 6

where a is the lattice constant. It is interesting
to note that the only negative term is that due
to the C type atoms. All other contributions to
the magnetic energy are positive and oppose a
positive magnetostriction. The distance A C re-
mains unchanged within the approximation of
terms linear in ), and so the negative terms, and,
thus, the positive magnetostriction is solely due
to the angular displacement of the atom C.

Since we are going to consider ordering phe. -

nomena, we have to specify the contributions

from atoms in the various positions, and we will
use the subscripts AB, AC, and AD. The energy
of the dipole interaction of one atom with its
neighbors is thus:

2t 64—
l
61»'+» ~D' &—»—~~' I»a'E 9 ) (2)

which, for the assumption of all dipoles being
identical, simplifies to

Ed = —j. .65¹p9. (3)

This decrease of magnetic energy is naturally
opposed by an increase of the elastic energy. The
latter, in our case, is given by

E,= —,'GX2, (4)

where 6 is the shear modulus. Thus, at equi-
librium, magnetostriction will be obtained from
the condition

which gives us

¹ 64VSpP —81'22X=-
G 54

where subscripts 1 and 2 indicate contributions
from nearest and from second nearest neighbors,
respectively. The numerical factor diR'ers slightly
from that given by Becker because of the sum-
mation which here extends only over the first two
layers of neighbors. In the case of a random alloy,
the average magnetic moments of nearest and
second nearest neighbors are the same and the
formula simplifies to

X =—0.56y2.
G

(6)

p2—6.6—X.
6

The density of energy is then expressed by

p2
Eg = ——N—6.6X,

2 ca

where N is the number of dipoles per cubic
centimeter which, for a body-centered lattice, is
equal to 2/a' thus:
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It is thus necessary to determine the inHuence

of ordering on p, y and p, 2.

If we could consider the total magnetization
as due to a sum of independent contributions of
Fe-Fe, Co-Co, and Fe-Co pairs of neighbors, then
we would obtain a quick qualitative estimate of
the effect of ordering. Clearly, the pair Fe-Co
would have to contribute more to the magnetiza-
tion than the other two kinds. Inasmuch as in

an ordered alloy all nearest neighbors are of the
Fe-Co type, while in a random alloy only half
of them are of that type, formula (5) would give
a larger magnetostriction in an ordered state.
However, such an assumption has many draw-
backs and is dificult to reconcile with the present
theory of magnetism which relates the magnetic
moment to the electron density rather than to an
interaction between pairs of atoms.

The dependence of magnetization per atom
upon the electron concentration, as summarized
in the well-known curve shown in Fig. 6, indi-
cates a maximum around 8.3 valence electrons
per atom, and is well explained on the basis of
the band theory of metals. "The main fact under-

lying the theoretical interpretation of the curve
in Fig. 6 is the fundamental importance of the
electron density rather than the type of atoms
which contribute electrons. Ke shall consider
the total magnetization as being determined,
not so much by an average electron density of
the whole metal, but rather by a sum of con-
tributions of local electron densities. Also we
shall consider the curve in Fig. 6 as applying
to local electron concentrations, although the
experimental points on this curve, except for
pure metals, were obtained for random alloys,
and thus in that sense are average values.
The local electron concentration naturally de-
pends upon the neighboring atoms and these
are inHuenced by the degree of order.

In order to make our theory quantitative, we

have to take into account the Huctuations of the
charge density in a random and in an ordered
alloy and estimate the contributions of local
electron densities to the final magnetic moment.
The probability that an atom in a random 50—50
alloy wi11 have r identical neighbors among its

"See, for example, F. Seitz, Physics Of 3fetals (MCGra%-
Hill Book Company, 1943},p. 30S.

e neighbors is

(s)
2" Er)
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FIG. 6. Magnetic moment per atom in Bohr magnetons
vs. electron concentration for iron, cobalt and their body
centered alloys.

From this we can easily compute the proba-
bility of finding a given average electron con-
centration among the eight neighbors of an atom.
The magnetic moment characteristic of the
given atom and its neighborhood is then deter-
mined by the arithmetical mean of the number
of valence electrons of the atom in question and
of the average valence electron density of its
neighborhood. Thus, in the case of an iron atom
with its eight valence electrons, the effective
density will vary anywhere from 8, in case it is
surrounded by 8 iron atoms, to 8.5 if it is sur-
rounded by 8 cobalt atoms. Similarly, the ef-
fective electron density for a cobalt atom will

vary from 8.5 to 9. The corresponding proba-
bility of the occurrence of these density Huctua-
tions is obtained from the expression (7). The
magnetic moment associated with each of the
thus computed electronic densities is read off
the curve in Fig. 6, in which we use a linear
relationship, expected by theory, and somewhat
more perfect than that given by experimental
data. Thus the magnetization increases linearly
from the value 2.22 for Fe to 2.53 at 35 percent
Co, and then decreases linearly to the value for
Co. Pure cobalt has a close-packed lattice so
that the direct use of its moment, 1.7 in our
case, may not be correct, since both iron and
iron-cobalt alloys are body-centered cubic up
to 75 percent Co. By extrapolating the mag-
netization values of body-centered iron-cobalt
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Tam, E II. Comparison of the theoretical and experi-
mentally observed percent increase of magnetostriction in
the ordered state over the disordered state for the 45 and
50 percent cobalt alloys.

Observed
Theoretical

50 Co

40
85

45 co
30
70

alloys, we obtain the value 1.88 for pure body-
centered cobalt. This correction is not important
and it introduces only small numerical di8'er-

ences in the result. If we now add all the con-
tributions of the various local electron concentra-
tions with the proper probabilities, we obtain a
magnetic moment of 2.27 which is about 4
percent smaller than the value 2.37 which we

considered as characteristic of the average den-

sity of 8.5 electrons. In a perfectly ordered alloy,
each iron atom is surrounded by 8 cobalt atoms
and each cobalt atom by 8 iron atoms so that
the local electron density will be everywhere
8.5 and, thus, the corresponding magnetic mo-
ment 2.37.

If we now try to compute the change of mag-
netostriction on ordering, we have to substitute
the proper p, values in formulae 5 and 6. For a
random alloy y&=p2 ——p, =2.27; for an ordered
alloy the magnetic moment for the nearest
neighbors p, I, according to the previous para-

graph, will be 2.37; on the other hand, the mag-
netic moment for the second nearest neighbors,
which are always of the same kind as the central
atom, mill be given by the average of the magnetic
moments of pure iron and of pure cobalt, thus
p,2= 2.05. The ratio of the two magnetostrictions
turns out to be 1.85, thus an increase of 85 per-
cent. This is to be compared with the observed
value of about 40 percent. It is important that
the small change of 4 percent of the magnetic
moment, p, , between the ordered and disordered
state does not play a significant role in the change
of magnetostriction. It is rather the change in

the second nearest neighbors v hich produces the
big difference.

It is perfectly understandable why the theo-
retical increase of magnetostriction is higher
than the experimental result. One would not
expect our experimental treatments to corre-
spond so closely to a comparison of a perfectly
random with a perfectly ordered state. As men-

tioned before, the results of neutron diffraction
experiments confirm this explanation. Another
important aspect is the fact that "random"
alloy may have a certain degree of short-range
order. On the basis of this theory, one might
expect magnetostriction to be quite sensitive to
short-range order.

The theory here outlined can be easily ex-
tended to the 55 percent Fe 45 percent Co alloy
for which experimental data are available. First,
for a random alloy, instead of formula (7) we
have

~n

&r)

where p and g are the concentrations of cobalt
and of iron, respectively. This gives us the sta-
tistical neighborhood of any atom in a random
alloy. Among these atoms 45 percent are cobalt
atoms and thus by averaging the electron densi-
ties we obtain the contributions of local neigh-
borhoods around cobalt atoms to the total mag-
netization. A similar procedure gives the cori-
tributions of neighborhoods of iron atoms. The
result is p, = 2.26 for a random alloy.

A perfectly ordered alloy containing 45 per-
cent cobalt can be represented as a perfectly
ordered 50:50 alloy in which 10 percent of the
cobalt atoms are substituted by iron atoms. This
substitution is random and all cobalt atoms have
iron atoms as nearest neighbors. Among the
iron atoms some have all nearest neighbors
cobalt atoms, some have one iron atom among.

them, some two, three, and so on. The relative
percentages are 21.5; 19; 7.4; etc. Finally the
substitutionally dissolved iron atoms have all

neighbors iron atoms. Computation of the local
densities and the corresponding probabilities
gives p, 1

= 2.33. A similar calculation for the
second neighbors gives p~

——2.10. The increase of
magnetostriction as obtained from formula (5l
is 70 percent which is to be compared with the
experimental value of about 30 percent. Pre-
sumably the low observed value is, as in the
previous case, due to incomplete order and im-

perfect randomness. The decrease of the in-

fluence of order on magnetostriction at lower
cobalt content is accounted for satisfactorily b~

the theory. Table II summarizes the results.
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Recent work of Fine and Ellis" indicates an
interesting volume increase of ordered Fe-Co
alloys. As indicated by one of us," the increase
of the average interatomic distance on ordering
can be interpreted as an increase of repulsion
between the partly filled 3d-shells. According to
the theoretical explanation of the saturation
moment in ferromagnetic alloys (Fig. 6), the
3d-shells consist of two parts, one of which is
just filled up at the electron concentration corre-
sponding to the maximum value of the mag-
netization. As we know from band theory of
metals, full electronic shells produce strong re-
pulsive forces. The apparent increase of repul-
sion between the iron and cobalt atoms can be
interpreted as due to a more perfect filling of the
lower part of the 3d-shells in both kinds of atoms

"M. E. Fine and W. C. Ellis, to be published in Trans.
A.I.M.E."R.Smoluchowski, discussion to paper in reference 12.

in the state of perfect ordering. ln the random
state, as indicated before, only part of the atoms
will have the proper neighborhood to assure the
optimum local electron concentration, and the
repulsion forces will be weaker.
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that a similar mechanism might explain the rapid decrease
of magnetostriction in Fe-Si alloys at the composition of
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Irreversible Magnetic Effects of Stress
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When Rayleigh's law for small hysteresis loops is inter-
preted in terms of the elementary process of domain wall

displacement, its generalization to include eEects of stress
becomes possible. In this way theoretical formulas have
been derived for the behavior of a soft iron or steel specimen
which is first put into a state of normal magnetization at
small magnetizing force II and is then subjected to a small
tension cycle. According to the theory the magnetization
should increase upon application of tension T by an amount

g(4.00 X 10 'H T+9.86X 10 "T') in c.g.s. e.m. u. , where 4m g
is the slope of the normal permeability vs. II curve, and
should remain at the new value upon removal of the ten-
sion. An experimental test of the theory verified these
predictions within the precision claimed for them. On the
basis of the theoretical model, certain efI'ects of diminishing
alternating fields and stresses are analyzed quantitatively;
the results are used to explain qualitatively the observed
long-time magnetic behavior of ships.

INTRODUCTION

~HE changes of magnetization produced by
stress are cause for concern whenever mag-

netic devices are subject to uncontrollable me-
chanical disturbances. Such changes are charac-
terized by hysteresis and are, therefore, difFicult
to treat analytically. However, the stresses
usually encountered are magnetically equivalent
to rather small Acids (as compared with those

* Present address: Sun Physical Laboratory, Newtown
Square, Pennsylvania.

necessary to erase the previous history com-
pletely), and this suggests that it would be useful
to extend the analytical description of small
hysteresis loops, known as Rayleigh's law, ' to
cases in which the independent variable is stress
rather than magnetizing force. The legitimacy of
such an extension and the form that it must take
both follow at once if one merely assumes that
Rayleigh's law, with appropriate changes in the

' R. Becker and %V. Doring, Ferromagnetisnzus (Verlag
Julius Springer, Berlin, 1939), p. 218 ff.


