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The propagation of large Barkhausen discontinuities
along a nickel-iron {15 Ni 85 Fe) wire which is under
tension alone is practically unaffected by the presence of
a large circular field caused by a current through the wire,
but such a circular fi'eld creates large effects if the wire is
twisted. By treating the critical field as a vector having
the main field as one component and the circular field as
the other, critical field characteristics were obtained 'from

which a simple relation was found between the strain
applied to the wire and the critical field. This analysis
shows that the component of the field perpendicular to
that principal strain axis along which the extension is a
maximum has no effect on the reversal of magnetization,
thus establishing this principal strain axis as a direction
of preferred orientation of the magnetic domains in the
strained wire. Certain deviations of the critical field char-
acteristics from the ideal simple form can be accounted
for by taking account of (1) the change of strain with

depth in a twisted wire, (2) the change in circular field
with depth, and (3) the incomplete suppression by the
applied strain of heterogeneous internal strains near the
axis of a wire which is under torsion alone. Turning from
directional properties to an analysis of the magnitude of
the critical field, dependence of this on strain magnitude
alone was expected. It appears that another unknown
factor is of vital importance here. Velocity (longitudinal)

. vs. field plots for torsion alone with a succession of values
of circular field show in one case the usual increasing slope
with decreasing propagation range, in another very little
correlation between these factors. Hysteresis. curves taken
with constant circular field show in some cases negative
coercive force and negative remanence. A "hysteresis"
curve of longitudinal magpetization as a function of
circular field, taken in zero longitudinal field, was a closed

symmetrical loop showing a large discontinuity in each
branch. This behavior is readily accounted for.

1. INTRODUCTION

E have seen in I, p. 955, that the existence
of the large discontinuity is in accord with

Becker's theory relating the direction of magnet-
ization in each domain to the stress tensor there,
energy minima occurring for orientation in the
direction of tension in material having positive
magnetostriction. These considerations led natu-
rally to investigating the effect of a transverse
field on the propagation.

This field was obtained by sending a current
through the wire under test, and although this
gave a field proportional to radial distance
throughout the wire, it was much easier to
achieve than a uniform transverse field for the
whole length of the wire would have been. Be-
sides avoiding all difficulties arising from de-
magnetization effects, it had the additional ad-
vantage that, being circular, its geometry con-
formed to that of the wire. The magnitude of this

~ K. J. Sixtus and L. Tonks, Phys. Rev. t 2g 37, 930
(1931) will be referred to as I. II appeared in Phys. Rev.
2j 42, 419 (1932)

transverse field at the surface of the wire will be
designated by H&.

In all the tests described below the wire used
was 80 cm long, of 0.038 cm diameter and was
from the 15 percent NiFe No. 37 ingot already
mentioned in II, section III.

2. EFFECT OF CIRCULAR FIELD ALONE

The first observations were made with a circu-
lar field in addition to the usual tension and main
field. Fig. 1 shows that even when H~ was as large
as 8.4 oersteds, " the v Hcurve (whic—h lay en-

"Although oersted has been commonly used in this
country as the c.g.s. unit of reluctance, it was adopted by
the International Electrotechnical Commission Meeting
at Oslo in 1930 as the unit of magnetic field strength.
This action has been endorsed by authoritative bodies both
in Europe and in this country, the National Bureau of
Standards and the American Society for Testing Materials
being among them. As references, the following articles by
Professor A. E. Kennelly may be cited. Magnetic-Circuit
Units as Adopted by the I.E.C., Trans. AIEE, mid-winter
convention, New York, January 29, 1931.Magnetic-Circuit
Units Adopted by the I.E.C., Elec. Eng. 50, 141 (1931).
The Oersted Considered as a ¹mInternational Unit, Sci.
Monthly 32, 378 (1931).
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that the Wiedemann effect in iron gives a positive
twist for small positive fields, in nickel a negative
twist. It is likewise evident that the simultaneous
reversal of any two of these quantities leaves the
relationship of all three to each other unchanged.
Finally, a positive jump is one in which 0I is
positive. For simplicity, and without loss of
generality, the experiments will be confined to
these.

2.0 2.2 2A 2.6 2.8 3.0
Main field H in oersteds

3.2

FIG. 1. ER'ect of a circular 6eld II~ on propagation. Tension
=78 kg/mm'

tirely below 3.2 oersteds) was only displaced a
little and slightly changed in shape. Point A is the
starting field with II~ in one direction, B with it
reversed. A slight twist of roughly 45' brought
these into coincidence at an intermediate value,
thus indicating the existence of an initial tor-
sional set which might have arisen in mounting
the wire except that considerable care was exer-
cized to avoid just this. Some slight asymmetry
in the die which formed the wire may, possibly,
have been responsible. In general, the application
of a circular field reduced the starting field, and
the greater II~ the less was II,.

The bringing of A into coincidence with 8 by
twisting the wire shows, as one should expect,
that there is an intimate connection between
torsional strain and circular field.

3. CIRcULAR FIELD AND TQRsIQN CQMBINED

This has been confirmed in further experi-
ments. In order to describe the relations between
longitudinal field, transverse field, and twist, a
convention in regard to signs must be adopted.
The wire under test will be supposed to extend
horizontally from left to right. The longitudinal
field and induction are measured from left to
right, the transverse circular field from bottom
to top on the front of the wire, and the twist is
positive when that principal strain which is the
maximum elongation lies between the positive
directions of the field vectors. That is, a right to
left current in the wire gives a positive transverse
field, while twisting the right-hand end of the
wire in the sense that moves the front side up-
ward gives a positive torsion. It is readily seen

4. EFFECT ON VELOCITY

Although, in the absence of twist, a circular
field of 8 oersteds produced only minor effects on
the velocity of propagation, Fig. 2 shows that a
field as low as 2 oersteds (applied to a different
wire) produced marked changes in velocity even
for small torsional strain. In the absence of a cir-
cular field the torsion resulting from two com-
plete turns of one end of the wire 80 cm long
caused a velocity increase from a minimum of
7000 to about 16,000 cm/sec. The shift of the
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FzG. 2. Effect of twisting the wire on the velocity for
different circular 6elds. Tension=78 kg/mm', &=2.76
ocrsteds.

minimum from the zero axis is mainly an elastic
hysteresis effect. Its smallness shows that the
constant velocity for torsion greater than 720 is
in a range below the elastic limit so that the
"saturation" of the velocity-angle curve cannot
be attributed to a constant strain condition such
as might conceivably arise with progressive
plastic deformation.
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5. METHQD oF ANALYsI s

The key to the complicated relations which
exist under the combined action of H, H~ and
torsion is the behavior of the critical field, to-
gether with the recognition of the importance of
the vectorial nature of the variables. ' The critical
field can no longer be represented by a single co-
ordinate as it can, when, under tension alone,
only a single di.rection is involved. It must,
rather, be shown as a point in a plane, the term-
inus of a (possibly undelineated) vector which
can vary in direction as well as length. We were
thus led to a diagram such as is shown in Fig. 3.

FIG. 3. Vector critical fields for torsion alone.

Here any point represents a magnetic field at the
wire surface in both direction and magnitude.
With the wire twisted, say 2 complete turns, and
with H~ kept constant, H had to be increased
beyond a certain minimum value before the
large discontinuity propagated. This value and
H~ are the two components of a critical field and
determine a point on the plot. For a different H~ a
different minimum field was found and another
point was fixed. The curve marked "2 turns" was
determined by a series of such points. Points de-
termined by approaching this curve by various
paths all lay on the curve. The same procedure
gave the I- and 3-turn curves. For each state of
strain a whole set of critical fields was found.

2 A preliminary note regarding this has appeared in
Phys. Rev. 41, 539 (1932).

6. VECTOR CRITICAL FIELDS

Now Fig. 3 exhibits the results of measure-
ments on a twisted but unstretched wire. At any
depth in the wire the shear results in a maximum
elongation at an angle of 45' to the axis, the

'

elongation being, of course, greatest at the sur-
face.

The significant features of the characteristics
are, first, their approximate straightness, and
second, their cutting of the axes at 45'. The
straightness assures that the components along a
normal to these lines of all the critical fields rep-
resented by any one characteristic are equal; and
the 45' angle shows that this unique direction of
resolution coincides with the maximum elonga-
tion. The conclusion is hardly avoidable that the
component of the applied field along the direc-
tion of rnaxirnum extension is almost solely effec-
tive in causing the large Barkhausen jump. And
the comparatively small effect of the other com-
ponent, even when it is large, shows that this
unique direction is one of preferred orientation for
magnetization. This is a striking confirmation of
R. Becker's theory relating the direction of mag-
netization to strain.

The fact that additional large fields, transverse
to the preferred direction, do not aid appreciably
in the reversal of the magnetic vector along it,
requires a revision of the ideas concerning the
nature of the discontinuity which were advanced
in I, section 8. That concept was based upon the
assumed impossibility of developing large radial
fields in the wire because the wire would respond
magnetically. The present results make such a
response extremely improbable. How the picture
is to be changed will be taken up in a later paper
after additional experiments bearing on this
question have been described.

7. CALCULATION OF STRAIN

For further confirmation we have looked to the
more complicated case where tension'as well as
torsion was present. Interpretation of the results
requires an analysis of the strain. Imagine a set
of orthogonal coordinates in the surface of the
wire, the x-axis lying in a circumference, the
y-axis parallel to the wire axis. Relative to the
origin, the point originally at x, 1 suffers the dis-
placement —pe, e when the wire is given the ex-
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tension e, Poisson's ratio being denoted by p. The
addition of a shear, s, by twisting the wire causes
the further displacemen't s parallel to the x-axis.
By comparing the new distance from the point
to the origin with the old, it is readily found that
the extension in the direction making the angle
tan 'x with the wire axis is

e,= (e+sx —px') /(1+ x').

where 1is the number of turns given one end of
the wire. Table I shows how good the quantita-
tive agreement is between the tangent of the
observed angle of deviation taken from Fig. 4 and
the tangent of the principal-strain angle as given
by Eq. (7).

Another set of characteristics made with only
23 kg/mm' tension appears in Fig. S. The 0-turn

This has, respectively, maximum and minimum
values of

"Turns
1 0

(e/2)(1 p)~[s +e (1+p) ] /2 (2)

x= I
—e(p+ 1)~[s'+e'(1+p)']'" }/s. (3)

The experiments of immediate interest are
those in which s is increased from zero in the
presence of a comparatively large fixed value of e.
For this range

0
H in oersteds f

o
Hin oersteds

e .„.=e+s'/4e(p+1)

e;..= —pe —s'/4e(p+ 1)
-9

and the value of x for the direction of maximum pro. 4. Tension, 62 kg/mm'. F&G. 5. pension, 23 kg/mrn'.
extension is Uector critical fields for combined tension and torsion.

x .„.= [s/2e(p+1)]I 1—[s/2e(p+1)]'}, (6)

maximum compression (e; .) lying at right
angles to this.

8. ANALYSIS OF OBSERVATIONS RELATIVE TO

DIRECTION

Fig. 4 is a set of vector critical field character-
istics for a 0.019 cm radius, No. 37 wire 80 cm
long under 62 kg/mrn' tension and various de-
grees of torsion. It is very clear that, from lying
parallel to the axis when no shear is present, the
direction of preferred orientation makes an in-
creasing angle with the axis with increasing
twisting as Eq. (6) requires.

The extension of the wire was (4.0~0.1) && 10 '.
The shear per turn at the wire surface is easily
found to have been 1.5 X 10 '. A reasonable value
of p is' 0.3. Accordingly, Eq. (6) can be written
for this particular case

TABLE I.

Tension Torsion
kg/mm' turns

Tangent of deviation angle

Max. extension

Magnetic
Direct Attempted
calc. carr.

62

23

0
0.11
0.25
0.34

0.23
0.485
0.58

0
0.14
0.26
0.35

0.34
0.54
0.66

0.13
0.25
0.34

0.29
0.49
0.60

characteristic is missing because the tension was
too low to give propagation without the addi-
tional strain introduced by torsion. Applying
Hooke's law to find the longitudinal extension in
this case we are again able to compare preferred
orientation with principal strain axis. The results
are given in the lower part of Table I. The agree-

x,„.= 0.144T(1—0.021T'), (7)

mithsonian physical Tables 7th Ed. , Tables 81 p ment is not as good as when the higher tension
ioi. was used.
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A possible cause for these greater differences
was thought at first to be the internal strains
known to exist in the wire. By etching off succes-
sive layers and observing the changes in length,
it was possible to estimate the inherent longitu-
dinal extension in the wire surface. The method is
that given by Heyn. 4 We concluded that this
strain was roughly equal to that which would be
caused by a tension of 10 kg/mm'. There are, of
course, ring strains in addition which remain un-
detected by this method.

The correction of this nature which is able to
give good agreement in the 23 kg/mm' case is an
increase of 0.3X10 ' in e. This corresponds to a
tension of only 4.6 kg/mm'. The resulting strain
axis deviation values for both tensions are given
in column 5 of Table I. It is seen that while good
agreement exists for the 2- and 3-turn cases, a
large difference persists in a 1-turn case. If this
correction is applied in these tension cases, it
should also be applied in the pure torsion case,
where it would spoil an otherwise good check. Al-
together it appears that the inherent strain factor
will not eliminate the discrepancies but rather
has a negligible effect. This can come about if
the ring strains in the surface are equal to the
longitudinal strains there so that together they
determine no principal strain axis.

Although the discrepancies of Table I remain
unexplained, the evidence in it and in Fig. 3
proves conclusively the coincidence of preferred
magnetic orientation with the direction of maxi-
mum extension.

9. CQMPLIcATING FAcTQRs

In the analysis which has been made only sur-
face conditions have been taken into considera-
tion. The characteristics themselves show why
the underlying layers have been without major
inAuence upon those features of the phenomenon
which have been discussed until now. The curves
tell us that the greater the strain the less the
minimum critical field. The strain at the surface
being the greatest, the minimum critical field
there is the least, and propagation, when it oc-
curs, will traverse the surface layer. It must, of
course, include a finite depth of material so that
portions of the wire in which the deviation of the
principal strain axis is less must also be reversed.

4 E. Heyn, I'hysical Metallography, page 231.

This may be one cause of the discrepancy be-
tween the calculated direction of principal strain
and the observed preferred orientation.

The strain condition which was responsible for
the 1-turn characteristic in Fig. 4 when 1 turn
was applied:to the wire lies in the level at a/3
when 3 turns are used, and the 2-turn condition
lies at 2c/3. Thus the figure is a picture of the
characteristics of all parts of the 3-turn wire. But
here an important qualification enters. The
theory which has been developed as well as the
positions of the 3- and 2-turn characteristics in
the range where II&)0 require that they cross
somewhere, so that the 3-turn line would lie to
the right of the 2-turn line beyond the intersec-
tion. There a magnetic field which is able to re-
verse magnetization under a 2-turn strain would
be unable to affect the 3-turn condition. But we
must recognize that under the experimental con-
ditions the field at the 2-turn level differs from
that at the surface. In fact, in the range H~&0
the proportionality of II& to radial distance is
more favorable to reversal at 2a/3 than constant
IIg would be.

Reference to Fig. 4 makes this clear. The linear
portions of the 2- and 3-turn characteristics have
been prolonged as lines b and c. Consider the ob-
served critical field for the 3-turn case whose
components are 2.95 and —6.0 oersteds. Since c
lies to the right of the terminus of that vector,
that field cannot reverse the surface layer of the
wire. Neither would the surface field be able to
reverse the 2a/3 level. At 2a/3 the field com-
ponents are, however, 2.95 and —4.0 oersteds.
Here the vector terminus lies on the prolongation
of the 2-turn characteristic so that reversal in
this level is just possible. Finally, at a/3 and the
the axis, the fields 2.95, —2.0 and 2.95, 0, re-
spectively, considerably exceed the critical values.
It follows that for the particular field chosen,
reversal in the interior of the wire out to 2u/3
occurs.

If only an infinitesimal portion of the wire
needed to reverse in order to give propagation,
then no characteristic would cross another, but
each would join the envelope of the family and
this envelope would finally turn into the straight
vertical 0-turn line. But the necessity of reversing
an appreciable portion requires that the charac-
teristics cross each other, while the resulting
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possibility of reversing the interior portions be-
fore the more highly strained exterior portion
causes their deviation from straightness beyond
their intersections.

Obviously, an analysis of the kind just de-
scribed must be qualitative rather than quantita-
tive because, in all probability, the inherent
strains in the wire cause the conditions at o,/3
under 3 turns to be not strictly comparable with
surface conditions under 1 turn.

The same considerations concerning variation
of H& with radial distance must apply when the
wire is under torsion alone, but in the case shown
in Fig. 3 this explanation cannot account for the
curvature. On the hypothesis that the bending
does arise from this factor, we may draw in
"ideal" characteristics, straight lines a, b, c at 45'
to the axes and passing through the intersection
of the actual characteristics with the 45' principal
strain axis. Just as in thy case of Fig. 4, we choose
an actual 3-turn critical field, say that one having
the components 7.6, —6.0 oersteds. The field at
2a/3 is then 7.6, —4.0 and line b shows that no
reversal will occur at this level. Similarly for the
a/3 level. Nowhere along the 3-turn character-
istic is it found that internal reversal can occur
on the basis of the present hypothesis.

It must be concluded that another factor pre-
dominates here. It may very well be that the
nonhomogeneous internal strains are not com-
pletely overcome by the applied strain. This
would result in a certain scattering of both the
direction of maximum elongation as well as its
magnitude, so that domains with preferred
orientations at other than 45' to the axis and
with various critical fields exist in the wire. It is
probably significant that the 1-turn curve having
the least applied strain shows the greatest
curvature.

This view is consistent with the greater devia-
tion of the characteristics at negative transverse
fields than at positive. Since the applied strain is
a maximum at the wire surface, the preferred
orientation there will lie, in general, nearest to
45', and the critical field will be a minimum. This
is represented by the vector OB in Fig. 6. Below
the surface, say at u/2, where the applied strain is
less and the critical field is greater, there will be
domains characterized by the vectors OA and
OC. The critical field characteristics correspond-

Fzo. 6. Effect of incomplete alignment of preferred orienta-
tions on the critical Geld characteristic.

ing to these three vectors are a, b and c. It is evi-
dent that a surface field h, which is unable to re-
verse the surface domains becomes h„at a/2 and
is able to reverse the domains represented by OC.
Thus the actual characteristic might very well
have the shape BD in this region. On the other
hand a surface field g„symmetrical to h, relative
to the principal strain, can cause no similarly
pronounced deviation, for the variation here of
H& with depth operates against the possibility of
interior reversal when surface reversal cannot
occur.

Torsion tests on other wires have not shown
the same exactness as appears in Fig. 3 in con-
forrning to the theory, although none have been
so divergent as to cast doubt on its validity. One
wire, for instance, gave an angle between axis and
preferred direction whose tangent was only 0.58
for 3 turns, but this wire also gave propagation
under no applied strain. Under this condition the
critical field characteristic lay perpendicular to
the H-axis, so that we must conclude that a sur-
face strain was present whose principal axis of
elongation lay parallel to the wire axis. The
normals to the characteristics made angles with
the wire axis whose tangents are given in column
2, Table II. From Eq. (3) it is readily found that

e= (1—x')s/2(1+p)x,

and, remembering that for an 80 cm 0.019 cm
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TABLE II.

Turns
T

Angle tangent

0.32
0.48
0.58

Inherent axial
elongation, e;

1.62&(10 '
1.84
1.97

12

Fzr. 7„Vector critical fields for an annealed wire under
torsion only.

radius wire s=1.5X10 'T, the inherent elonga-
tion values e, in column 3 were calculated. The
approximate constancy of e; roughly confirms the
hypothesis of internal strains. Incidentally, the
average value corresponds to a tension of 25
kg/mm'.

Another wire, under two turns torsion, showed
an angle tangent of 1.27. The points for this plot
were assembled from data taken in other con-
nections and the wire later broke so that further
tests with a view to explaining this type of
deviation were impossible.

A wire from ingot No. 37 which had been an-
nealed at 370'C gave the critical field character-
istics of Fig. 7. At 1 turn no large jump occurred.
The deviation angle tangents are 0.71, 0.78 and
0.78 for the successively larger torsions. An in-

herent longitudinal surface extension e of 0.80
g 10 3 would lead to the tangents 0.71, 0.79, 0.84,
respectively. The agreement between the 2- and
3-turn characteristics is good, while the plastic
deformation which occurred with 4 turns and

amounted to a permanent set of about 1/3 turn
accounts for the discrepancy there.
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FIG. 8. Relations between minimum critical field and maxi-
mum elongation for tension and torsion.

ficient to calculate e, , using Eqs. (2) or (4) for
each curve in all three cases. Fig. 8 is a plot of the
observed field strengths against the maximum
extension. The number beside each point is the
number of turns in the wire. The pure tension
curve is replotted from II, Fig. 2.

The infinite slope of curve J3 can only be inter-
preted as meaning that some factor other than
e, . is of predominating importance where the
torsion is small. This behavior of the curve arises
from the circumstance that the minimum critical
field decreases almost linearly with torsion
whereas e,„. increases with its square, Eq. (4).
Thus, this unknown factor must itself vary
linearly with s. The compression, Eq. (5), does
not do this. In fact, symmetry considerations
prove that there is no factor within the simple
concept of coincidence between preferred orienta-
tion and principal strain which has this type of
variation. We do not know, as yet, how the pres-
ent ideas must be extended.

Curve C shows a tendency similar to that of 8,
but as the jump does not occur under such low

10. MAGNITUDE OF THE CRITICAL FIELD

Since the direction of the minimum critical
field follows a principal strain axis, it is to be ex-
pected that the magnitude of this field depends
on the principal strains alone. The data already
given in connection with Figs. 3, 4 and 5 are suf-
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tension alone, this curve cannot be followed to
zero torsion.

A shear s causes a maximum extension s/2 and
a reduction of the transverse cross section of an
equal amount. Tension which causes an extension
e causes a cross-section reduction of 2pe, which,
with the current value of p, is only 0.6 as great.
Thus, if transverse compression cooperates with
longitudinal extension in lowering the minimum
critical field, as might be expected, curve A
should lie uniformly below curve D, as it does, yet
the magnitude of the observed effect is out of all
proportion to the quantitative difference in
strain. For instance, measuring the strain by the
sum of the transverse compressions plus the ex-
tension, we have for equal extension, 2 units of
strain with torsion and 1.6 with tension, a differ-
ence of 20 percent. Yet a torsional e, . of 2.3
X10 ' gives a critical field of 2.1 oersteds, while
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Fio. 9. Velocity-field curves for the same wire as in Fig. 7
under 3-turns torsion for different critical fields.

at a tensional e, . of 5)&10 ', the critical field
still lies above this value and is only falling
slowly with increasing e,„.. Besides, a qualitative
distinction appears, for below an e,„.of about
2.4X10 ' tension no longer produces large dis-
continuities, whereas torsion produces them for
values of e, . below 1.5 &10 '. These differences
between tension and torsion are undoubtedly
connected with the anomalous shape of curve B.
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FIG. 10. Velocity-field curves for a wire under 78 kg/mm~
tension and 3-turns torsion for different circular fields.
Insert is the critical field characteristic.
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on the general relation between propagation
range, H, —Ho, and slope, A, which has already
been remarked upon, and which will be consid-
ered in greater detail in a later paper. It will be
remembered that the increase of the one ac-
companying a decrease in the other has already
been reported in II for etched as compared with
unetched, hot as compared with cold wires, and
for one portion of a single wire as compared with
another portion.

While the curves of Fig. 9 corresponding to the
3-turn characteristic of Fig. 7 exhibit this
beautifully, the other two sets fail to conform. In
the case of Fig. 10, where the propagation range
remains unchanged at 1.3 oersteds, a convincing

11. VELOCITY-FIELD CHARACTERISTICS H in oersteds

The Figs. 9, 10, and 11 each show a series of
velocity vs. (longitudinal) field plots for a suc-
cession of values of circular field. (Figs. 9 and 11
are for wires whose critical field characteristics
appear in Figs. 3, 4, 5, and 7 according to the
legend on each figure. ) Although no consistency is
obvious from the figures, yet a partial explana-
tion of their behavior can be given which is based

. 15000
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g 1OOOO
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'Q 5000
0)

0
7
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9
H in oersteds

10

FrG. 11. Velocity-field curves for the same wire as in Figs.
3, 4, and 5 under 2-turns torsion.
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explanation is possible. This case differs from all
the others which have so far been examined in
the important respect that here negative values
of H& lead, as has already been pointed out in
paragraph 9, to propagation in a sub-surface
level of the wire. The progress of the jump is thus
hampered by additional eddy currents independ-
ent of any change in starting field with depth in
wire. A similar decrease in A has been observed in
a wire after surrounding it by a copper tube,
which, obviously, had no effect on the starting
field. This does not explain the constancy of
H —H'

0, but simply how the slope can decrease
despite the constant propagation range.

Turning to Fig. 11, either the slope, at 10,000
cm/sec, or the quotient ot maximum velocity
and propagation range, when plotted against
propagation range, gives a rather scattered array
of points. Although the best straight line fit con-
forms to the general relation, this is a poor con-
firmation. Now in accordance with the considera-
tions of Fig. 6, a certain amount of sub-surface
propagation is occurring here just as in the case
of Figs. 7 and 9.Yet if this was insufficient to sup-
plant the reciprocal variation of H, —IIO and A
in the former case, it is not evident why it should
here. Altogether, we see no good reason for the
nonconformity of this series, and it must be
classed as an exception.

12. HYsTEREsIs LooPs

Connected with the large effects of torsion and
circular field on critical field there are, necessarily,
correspondingly great changes in the hysteresis
loop. Fig. 12 shows these effects for the same
wire that was used to obtain Figs. 3, 4, and 5.
The wire was twisted 2 turns in 80 cm length.
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FIG. 12. Hysteresis loops for the same wire as in Figs. 3, 4,
5, and 11 under 2 turns torsion for diAerent circular fields.

Each full line curve is one branch of the hysteresis
loop obtained in a circular field whose strength in
oersteds at the wire surface is denoted by the
numbers attached to each curve. The breaks oc-
cur at the starting rather than the critical fields.
The critical field is, of course, smaller algebraic-
ally.

An outstanding feature in the family of Fig. 12
is the negative coercive force and negative rem-
anence of the sample for H~=8.4 oersteds. Al-
though the axial component of the impressed
field is negative, still its component along the 45'
direction is effective in creating a sufficient net
reversal of magnetization along this line so that
the longitudinal component of induction becomes
positive. In the reverse process this is compen-
sated by a greater lag of induction behind field,
shown by the other branch of the loop in dashes.

This reverse branch is simply the —8.4 branch
projected through the origin as a point of sym-
metry, a relation which follows from the fact,
noted earlier, that reversal of two of the three
vectors, field, magnetization and torsion, leaves
the interrelations unchanged. In the present case
it is the first two vectors which are reversed.

13.MAGNITUDE oF THE LARGE DIscoNTINUITY

Various factors make an analysis of variation
in jump magnitude with transverse field impos-
sible at the present time. It is, of course, certain
that this magnitude is a measure of the fraction
of the wire cross section participating in the
jump. Under torsion alone the axial component
of the magnetization at all radial distances is the
same because the strain axis lies throughout at
45' to the wire axis. Accordingly, in this case the
jump magnitude is directly proportional to the
participating cross section. But where tension
also is present, the axial component increases
with depth. This is a factor which can be calcu-
lated in those cases where we know the levels in-
cluded in the propagation.

On the other hand, jump magnitude in a
twisted wire depends markedly on the main field
alone, increasing with it. This is because the
critical field increases with depth in the wire so
that the larger main fields still exceed the critical
field at smaller radial distances with the result
that a greater fraction of the cross section re-
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verses. Both the lower and upper limits of propa-
gation are, however, fixed by the inhomogeneity
of the wire, the lower limit by point to point
variations in critical field, the upper by the mini-
mum value of starting field for the whole wire. If
it were certain that the same starting field was
operative no matter what the ratio of transverse
to longitudinal field might be, an analysis might
be possible, but this is certainly not the case. For
negative circular fields, for instance, it is very
probable that the starting field may correspond
to a sub-surface point while for positive II~ it cor-
responds to a surface point. We thus lack a basis
for the comparison of jump magnitudes.

Finally, the deviations of the critical field
characteristics, not only from the ideal straight
lines or modified straight lines but also from the
calculated inclinations, show the presence of
factors whose eA'ect on the magnitude may be
considerable yet cannot be estimated.

14. TRANSVERSE EFFECTS

Theory requires that accompanying the sud-
den changes in longitudinal magnetization there
should be corresponding discontinuities in trans-
verse magnetization, but as this flux forms a
closed path within the wire itself, the only means
for detecting it is a potential gradient along the
portion of the wire occupied by the propagating
jump. Such an e.m. f. has often been observed in
twisted wires where no large jumps occurred so
that it is only natural that it appeared here. 4'

4' Footnote added i n proof: Using this (Matteuci) eRect
together with simultaneous observations of the changes in

But, interchanging the roles of 1ongitudinal and
circular fields, we see that transverse magnetiza-
tion induced by a transverse field should be ac-
companied by a longitudinal component. The ex-

periment is very like that described by Bozorth
and Dillinger' on the ordinary Barkhausen e8ect,
except that here the magnetic domains are
polarized by the torsion so that all components
perpendicular to the field have the same sense
instead of lying half one way, half the other.

Strangely enough, such an effect for ordinary
ferromagnetics seems not to have been reported
on previously, although closely related phenom-
ena such as the induction of longitudinal mag-
netization under varying torsion in a constant
circular field has been described in some detail. '

Since the effect of circular field was more pro-
nounced when tension as well as torsion was act-
ing, the results for the wire when subjected to
23 kg/mm' and 3 turns will be described. A set
of hysteresis curves similar to those of Fig. 12
are given in Fig. 13a. Fig. 13b was obtained in the
following manner:

longitudinal induction, H. Ostermann and F. v. Schmoller
(Zeits. f. Physik 7'8, 690 (1932)) have recently given an
independent demonstration of the coincidence of preferred
magnetic direction and principal strain axis in twisted
wires. In the succeeding article (p. 697) W. Schiitz dis-
cusses the connection between their results and the theory
of magnetization curves.

' R. M. Bozorth and J, F. Dillinger, Phys. Rev. 41, 345
(1932).

' H. Gerdien, Ann. d. Physik 14, 51 (1904).
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With II&= —8.4 oersteds the wire was sub-
jected to a strong negative longitudinal field
which was then reduced to zero. This state of the
wire corresponds to point A in Figs. 13a and
13b. Ht, was then increased (algebraically), the
wire state traversing the line AA' in Fig. 13b but
remaining at A in Fig. 13a, where the effect of
changing II~ was to bring the starting field closer
and closer to zero. At &~=4.2 the starting field
was exceeded and the jump ensued, carrying the
wire to point C in both figures. Further increase
in H& up to +8.4 oersted brought the wire to
point D. The change in magnetization between C
and D can only be made up of reversals in do-

'

mains controlled by the applied strain but whose
vector critical fields were too large or insuffi-
ciently deviated from the wire axis to participate
in the large jump.

Reduction of FI& from its extreme had no e6ect
until the critica/ field on the negative side was

reached. The occurrence of the jump at the crit-
ical rather than a slightly larger field when the
wire has not been carried to saturation has been
noted before (I, section 9). Allowing for this, the
two jumps may well be equal and may well
have the same critical field; Finally, the loop
closed when —8.4 oersted was reached once
more. We have thus found that accompanying a
cycle of a purely transverse field there is a sym-
metrical longitudinal loop. Its unsymmetrical
position on the induction axis arises from the
longitudinal polarization of the axial portion of
the wire which is unaffected (so far as longi-
tudinal effects are concerned) by the transverse
field.

Referring to the axial direction alone, the large
discontinuities in this loop demonstrate that the
presence of a circular field makes possible the
propagation of a positive jump in a zero and un-

doubtedly even a slightly negative main field.


