On Magnetic Lagging and Priming in T'wisted Iron
and Nickel Wires. '

By
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In 1886, Professor Wiedemann published some very interesting
experiments on the effects of twist on iron and nickel wires, variously
magnetised.* These, however, were in themselves too few to guide
us to any very clear knowledge of the relations of magnetismn and
twist. A consideration of them at once suggested innumerable lines
of enquiry, and opened up vast gaps in our knowledge which prolonged
experiments alone could fill.  Shortly put, here is an iron or nickel
wire of certain dimensions, magnetised in a certain manner either
permanently or temporarily, and subjected to a particular straining
involving twist. The problem is to find how all these different pos-
sible variable quantities or qualities depend on one another.

With a view to work out some small part of this huge problem,
I sketched out a line of research, which was partly carried through
in 1887 by Mr. K. Imagawa, a graduating student of Physics in the
Imperial University of Japan. During the first six months of that
year, many distinct series of experiments were made.

The complete discussion of these and other experiments carried

* See Wiedemann’s Annalen, Vol. XX VII., p. 877; translated in the Philosophical Maga-
ine (1880), '
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out later forms a part of a series of papers on the relations of mag-
netism and twist which I am communicating to the Royal Society of
Edinburgh. In the present note I wish to call special attention to one
point, namely the character of the lag in magnetic change due to
twisting. The peculiarity discovered by Mr. Imagawa was that, for
a particular amount of cyclic twisting, the curve showing the corres-
ponding changes in magnetic moment of the twisted wire, if regarded
as an area gone round in the proper direction, changed its algebraic
sign. This Mr. Imagawa established for iron and nickel wires, cir-
cularly magnetised by a current passing along them, and also for
nickel wire longitudinally magnetised by a current passing in an en-
closing helix of wire. Nearly all the experiments were made with
circularly magnetised wires ; and the few experiments with longi-
tudinally magnetised nickel were made with the view of finding if the
same curious reversal of magnetic lag was obtained with it. By a
strange oversight Mr. Imagawa did not observe at the time that cir-
cularly magnetised iron wire showed the same peculiarity as nickel ;
consequently he did not search for an analogous effect in longitudin-
ally magnetised iron. It was only when I came to collate the results
of all his experiments that the reversal effect was found to exist also
in the case of iron. By that time, however, the various effects of
twist on longitudinally magnetised iron and nickel wires had been
elaborately investigated by Mr. Nagaoka, whose paper follows imme-
diately on this one. It is because of the obviously close connection
between certain of Mr. Imagawa’s observations of two years ago and
Mr. Nagaoka’s more recent results that I have thought it well to dis-
cuss the former in this place. ‘

The particular class of problems proposed for investigation was
this : Study the effects of different twists upon the magnetic proper-

ties of different wires, alang which currents of various strengths are
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kept steadily flowing. Obviously the wirc is, to begin with, circularly
magnetised ; and, if it is isotropic as regards magnetic sdsceptibility,
it should show no longitudinal polarity. It is almost impossible,
however, to obtain a wire of magnetic metal free from such polarity.
All the usual precautions were taken. The wires were roasted and
allowed to cool as they lay perpendicular to the magnetic meridian ;
and the wire which was being studied lay horizontally in the same
direction: opposite the one end of the wire a magnetometer of the
usual mirror device was set; and the other end of the wire was
fixed to the twisting apparatus. In order to avoid jars and jolts,
the twist was not applied directly by the hand, but was effected
by means of a gearing of taothed wheels. For every complete
rotation of the handle worked by the hand, the axle which form-
ed the continuation of the wire moved through a few degrees. At the
same time the resistance of the gearing was considerable, so that it
was an easy matter to keep the hand working at a fairly uniform speed.
In this way the twisting of the wire was effected very gently and
gradually.

We know already from Wiedemann’s experiments that, when
such a circularly mdgnetised wire is twisted right-handedly with
reference to the current flowing along it, it becomes longitudinally
magnetised, the magnetic intensity being co-directional with the current
in the case of iron wire, but anti-directional in the case of nickel wire.
After the wire has been twisted and untwisted repeatedly through a
considerable range—4° per centimetre in Wiedemann’s experiments—
a corresponding cyclic variation is impressed upon the longitudinal
intensity. From a large positive value at or near the one limit of
twist, the magnetic intensity changes to a nearly equal negative value
at or near the other limit of twist. The average apparent polarity of

the wire, as indicated by the deflections of a magnetometer placed oppo-
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site one end, is approximately zero.

The most complete series of experiments made by Mr. Imagawa
was with a nickel wire of diameter 049 millimetres and length 56-4
centimetres. A current of one-third of an Ampere was kept steadily
flowing along it; and the wire was subjected to a succession of
definite cyclic twistings, each cyclic twisting being continued until the
corresponding magnetic changes went through a steady succession.
Very complete cycles were taken for the following total to-and-fro
twists of the wire as a whole, namely =+ % ykw, k ?l;i , £ 2w,
+ 8m. These correspond respeciively to twists per centimetre of
+1%6 , £3%2 , +48 , £+ 64 ,and £ 25°6. The numbers are
given in Table I., and are represented graphically in Plate XXV,

The first column on the left gives either in ordinary degrees or
in multiples of ™ the successive stages of the twisting, beginning with
the greatest negative twist. The second column gives, in approxi-
mately C. G. S. electromagnetic units, the corresponding longitudinal
magnetic inteusities of the twisted wire from the greatest negative
twist to the greatest positive twist. The third column, which should
be read from below upwards, gives the intensities as the wire is, so to
speak, untwisted from the greatest positive twist to the greatest nega-
tive twist. The fourth column is obtained by subtracting the numbers
in the third column from the corresponding numbers in the second.
The algebraic sign of these differences shows the character of the
magnetic lag. Any given algebraic sign applies to all numbers below

it, until a number is reached which has the opposite sign.
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Table I.
(Date of Experiment: April 18 & 19th, 1887)
| ToraL Twisr. LoNGITUDINAL INTENSITY. MaeyETIC LA, |
— 90 + 744 4+ 74,4 0
70 663 598 4+ 65
50 558 425 133
30 384 214 17
10 174 -~ 25 199
+ 10 - 62 -~ 248 186
30 501 128 12-7
50 474 57°0 96
70 632 682 >
90 763 763 0
— 180 + 1423 4+ 144-8 — 25
150 1342 132-1 + 21
120 1203 1169 34
90 1011 958 53
60 716 729 - 13
30 397 372 1-5
0 - 65 - 19 46
+ 30 459 440 149
60 79-4 775 19
90 1023 107-3 4+ 5
120 ‘1209 1234 2:5
150 1376 137-3 — 3
180 - 146 146 0
— 270 4+ 194-4 + 1928 + 16
225 1835 184°1 - 6
180 S 164:3 1736 93
135 1873 1507 134
90 98 122-8 23-8
45 40 84-9 449
0 — 264 - 291 555
+ 45 815 | — 378 437
90 119 97-3 217
135 1541 1383 158
. 180 1714 1628 86
225 187-2 1789 + 17
270 1916 1916 0

177
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Table I- (Continued.)

TorarL TwisT. LoNGITUDINAL INTENSITY. MagneTIC LAG.
— 360° + 210.8 + 211+4 _ 6
270 191-0 2062 152
180 1386 187-2 486
90 41-5 1538 112-3
0 — 738 88-0 161-8
+ 90 151-3 — 310 120-3
180 1879 1339 54
270 1981 190-3 7-8
360 2133 2183 0
— 8 + 244.6 4+ 190-7 + 519
7 2139 192-8 211
6 1442 191-3 — 471
b} 539 1900 136-1
4 - 127 1866 19938
3 657 1829 2486
2 111-6 1745 286°1
1 147:3 163:7 311
0 1721 147-6 319-7
+ 1 189-7 1225 312-2
2 202-1 93 295.1
3 210°5 496 260-1
4 2158 03 216°1
5 217 — 67 150
6 2186 1435 75.1
7 2186 1984 20-2
8 2192 219-2 0

The curves corresponding to these numbers are shown in Plate
XXV., Fig. A. The arrows at the ends of the curves indicate the

directions in which they are to be gone round. Thus the curve for

twist + 1; is to be gone round clock-wise. In it, as shown by the
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algebraic sign of the numbers in the fourth column of Table 1., there
is true magnetic lag. That is, the magnetic change lags behind the
strain which causes it. The curve is distinctly open. Passing to
the twist & ™, we see that the magnetic lag is sometimes positive,
sometimes negative, but is in all cases very small. Hence the curve
can hardly be called open, the going and returning branches being near-
ly coincident. On the whole, however, as we may see by adding the
“Jag” numbers, the lag is still positive, This twist may be regarded
as being almost exactly the critical twist at which the magnetic lag

changes sign ; for in the next curve, that for twist + 3_7§r , the “lag”

numbers are nearly all negative and markedly so. In fact for this
and for higher twists the phenomenon ceases to be one of lagging,
but becomes really a case of what might be called magnetic * priming.”
That is, the magnetic change, as it were, runs ahead of the straining
that causes it. In other words, the rate at which the longitudinal
magnetic intensity, whether positive or negative, falls off during un-
twisting from either limit to zero is greater than the rate of growth
during twisting. It will be noticed that the curves for the higher

twists are of the same character as the one given by Wiedemann
(Annalen d. Phys. w. Chem., Bd. XXVIL, Taf. IIL., Fig. 8.).

In Figure A, as given, the curve corresponding to the twist + 8«
is not shown to the same scale as the others. It is represented to the
right as a dotted curve, with the scale of twist diminished to one-
eight and the scale of intensity diminished to two-fifths. The greater
openness of the curves for the higher twists, after the critical twist
has been passed, is very striking. At the same time it is to be noticed
that the range of intensity reaches a practical limit at a very moder-
ate twist. These peculiarities are well shown in Table II. and in

Figures B and C which illustrate it.
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- . In Table IL., the first column gives the different cyclic'twists, the
second column the total ranges of intensity, and the third column
numbers proportional to the areas of the closed cyclic curves. These
areas are easily calculated from the differences given in' the fourth
column of Table I, and are in fact the best indicators of the nature

and magnitude of the magnetic lagging or priming.

P ., - Table II.
CPwirsT. RANGE. . AREA - @
+ 5 150-7 + 113
« e 2895 + 18
+ T 3852 ~ 589
+ 27 4244 — 2603
+ 8 4372 | — 28047

Curve B shows how the range depends on the twist. The in-
crease is rapid and nearly steady for the small twists ; but for higher
twists than == 27, the rate of increase of range becomes very small.
It ‘should bz mentioned that this point was very fully investigated
by Mr. Imagawa ; and that the conclusion just stated does not rest
merely on these five particular cases.

Curve C shows the march of the area of the cyclic curve with the
twist. Thus the area begins positive at the low twists, indicating
true’ magnetic lagging. For a twist a little greater than + m, the
area changes sign, so that we have magnetic priming. For higher
twists the area goes on increasing at a very rapid rate. So far as the

experiments were carried there seems to he no limit to the increase of
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this area.  An incomplete cycle for + 20 ™ indicates an approximate
area of 10,000 m. At these very high twists, the wire must of course
be severely strained ; the great regularity of the magnetic effect is,
in the circumstances, all the more remarkable.

With these results before us, a very natural enquiry was as to
the existence of similar peculiarities in the case of longitudinally
magnetised nickel wire. Mr. Imagawa had time only for a few experi-
ments, but these were enough to establish the existence of the pecu-
liarity. The most complete results of these experiments are given in
Table III. The first column gives the twists in ordinary degrees or
in multiples of 7 ; the second and third columns give, as in Table I,
the going and returning measurements of the magnetic condition of
the wire ; and the fourth column gives the differences between the
corresponding numbers in the second and third columns. The num-
bers are not given in absolute measure, but simply in terms of the
scale unit.* The wire used was 0°85 millimetres in diameter and 52
centimetres in length. Thus the twists as given correspond to twists
per centimetre of + 058 , £0%87 , +1%16 , +1*73 , £2>32,
+8%47 | + 6%94 , + 17%3.

The results are graphically shown in Plate II., the twists being
taken as abscissae and the relative intensities as ordinates. All the
curves are double-looped, and are nearly symmetrical for the higher
cyclic twists, For the first five cycles, namely, + 30° , + 45° |
£ 60°, =+ 90°, £ 120°, there is true magnetic lag, the return
curve at either limit always being above the other. In the curve for
+ 180°, #+ 27 , and £ 57 , however, the magnetic lag becomes
negative. This change in algebraic sign is also shown by the signs

of the numbers in column four of Table III, as will be at once seen

* Mr. Imagawa has, indeed, left no record of the constants of the magnetising coil which he
used, so that it is impossible to reduce the numbers to absolute measure. So far as the present
discussion is concerned, this is, however, of no real importance.
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Table III.

(Date of Experiment. May 31st, 1887).

Torarn Twist.

LoNGITUDINAL INTENSITY.

MaeneTIc Laé.

+ 30° 2562 2558 + 04
20 256 255 + 10
10 2559 256-8 —_ 9
0 2572 2584 — 12

— 10 2584 2616 - 32
20 260-9 2642 — 33
30 2657 2657 0

+ 43 2735 2744 — 09
30 2726 267-9 47
15 2715 © 2688 + 27
0 2734 2752 — 18

— 15 9753 2827 - 74
30 281°6 2889 - 73
45 292-9 2922 0

+ 60 2901 288 + 241

' 40 286+ 4 2747 + 117
20 2808 2724 + 84
0 2747 281 — 63

— 20 277-9 2929 — 15
40 282-1 3031 - 11
60 3085 3085 0

+ 90 3161 317 — 09
60 309-9 3009 + 10
30 2944 271 + 234
0 2726 2782 — 26

— 30 2787 3051 — 264
60 306+4 3226 — 162
90 3299 329-9 0
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~~Mable II1. (Continued. )

ToraL TwisT. LONGITUDINAL INTENSITY. MaenEeTic Lac.
+ 120° 333-4 3335 — 01
90 3272 3195 + 77
60 312 296 4+ 16
30 284-6 268 4 166
. 0 259 2596 - 6
— 30 272 2885 — 16
60 300:6 3177 — 171
90 325 3334 — 84
120 339-2 339-2 0
+ 180 339 338-1 + 09
135 528 3295 — 15
90 297 318 - 21
45 2545 2746 — 201
0 2445 2422 + 23
- 45 2788 | 2515 + 273
90 313 298-7 4 143
135 332 329 + 3
180 3415 341-5 0
+ 360 3456 344°3 4+ 13
270 310:6 3445 — 339
180 2445 340 — 955
90 2478 324 — 762
0 2974 292 + 54
— 90 331 248 4+ 83
180 347 2485 4+ 985
270 3¢ 3155 + 365
360 352 - 352 0
+ 57 340 344 - 4
ST 247 346+ — 995
T 3345 3447 - 102
-— v 351 3244 + 266
3 349 240 + 109
5T 347-6 3476 0

183
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if the numbers for + 120° and =+ 180° are compared. Thus, some-
where between these two twists just named, there is a critical twist for
which the wire would probably show no magnetic lag at all. It will
be noticed how the curves open out as the twists are taken higher and
higher. They open out much more rapidly than they appear to do in the
Plate ; since, for convenience of representation, the curve for + 360°
is plotted to half-scale as regards twist, and the curve for & 5 (shown
dotted in the diagram) to a quarter scale. Here also, as in the curves
for the circularly magnetised wire, the range of variation of the mag-
netic intensity increases rapidly with the twist for small twists, but
comes practically to a limit just about the critical twist for which the
magnetic lag vanishes. In a series of similar experiments on per-
manently magnetised nickel wire, Mr. Iwagawa failed to obtain any
indication of change of sign. The permanent magnetism rapidly
diminished as the twistings were taken larger and larger; the range
during twisting reached a distinct maximum for a twist of £ 90°, and
then rapidly fell off, so that for a twist of & 360° it was hardly mea-
surable. But throughout, the magnetic lag was always positive.

I now pass to the results for iron. Some of these are given in
Table IV, arranged exactly as were the numbers for nickel in Table 1.
It hardly seems necessary to give the curves. Enough to say that
they are very smooth, very similar in general outline to the corres-
ponding curves for nickel, but differ from these in being so to speak
their inversion, such as would result from reflection in a plane mirror.
The numbers in the fourth column are obtained by subtracting the
second column from the first, so that for true lag the differences are
positive. The wire used was 58 centimetres long and 064 millimetres
in diameter. The current along the wire was 1-4 amperes. The in-

tensities are given in approximately absolute electromagnetic units

(C. G. 8.)
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Table IV. *

March 4-7, 1887.)

Torarn Twist. LoNGITUDINAL INTENSITY. MaaNETIC LAG.

— 9 — 184 ~ 183 + 1

60 180 135 45

30 170 51 119

0 149 4+ 93 242

4+ 30 92 151 243

60 + 61 173 112

90 184 184 0

— 180 — 318 — 314 4+ 4

120 315 262 53

60 306 141 165

0 258 4+ 184 442

4- 60 16 295 311

120 + 233 320 87

180 325 325 0

— 270 — 348 — 345 4+ 3

180 352 309 43

90 340 193 147

0 270 + 190 460

+ 90 + 120 329 209

180 289 352 63

270 — 351 351 0

— 540 — 384 — 387 — 3

360 391 386 + 5

180 307 362 — 55

0 + 224 199 — 423

4- 180 359 4 314 — 45

360 382 388 + 06

540 383 383 0

— 720 — 392 - — 384 + 8

540 395 386 + 9

360 3901 382 + 9

180 + 215 373 — 588

0 363 332 — 695

4+ 180 386 95 — 481

360 392 + 311 — 81

540 392 394 + 2
720 386 386

185
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~ As in the case of nickel, so here, the magnetic lag is positive for
the smaller and negative for the higher twists. The change of sign
occurs, however, at much higher values of twist. In Table V. we see
the relations between the twist; the range of intensity, and the arvea of
the cyclic curve, Elezu‘]y shown. Others are included than those given

in Table IV.

Table V.
Twist. RANGE. AREA - @
+ 45 149
+ 7 90° 368 127
+ 135° . 530 247
+ 180° V') 353
+ 225° © 666 3875
+ 270° , 704 467
-+ 540° ‘ 779 1 — 5183
+ 720° 789 — 1821

Thus, exacfiy as in thér case of .niycke], the 1'ange very soon ap-
proximates to its limiting value, while the area, once the critical
twist is pass'ed,, secims to growi‘rapidly as the twist increases.

An interesting feature of the iron curves at the fligh twists is
that the greatest and least intensities do not occur at the limiting
twists. In other words, the carves have a distinct S shape with true
maximum and minimum points. - This feature appears first in the
experimeﬁnt for the twist =+ l§5°, for which the full numbers ave not
here given ; but 1t does not become distinct and undoubted at both
limits of ;twist until the twist of = 270° is attained. Thereafter it is an
invariable feature.

[n seeking for an explanation of these phenomena of magnetic
lag, we n.\mst bear in mind the essential difference betweeg_ experiments
in which the mechanical strain is the cause of magnetic change and

those in which magnetising force is the cause.  Take for example the
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well-known case, so frequently discussed, of a wire subjected to a
continuously varying longitudinal field. Here in virtue of magnetic
retentiveness, there is always true magnetic lag as the field is dimi-
nished from its highest value. The magnetic force is, in part, simply
removed. But when the wire is twisted throngh a large angle, the
effect of untwisting the wire is no mere removal of twist, but is really
a superposition of an opposite twist. Now, we know that the induced
magnetism due to a given field is apparently destroyed by a reversed
field of smaller value. It is this effect, rather than the effect of mere
diminution of the field to zero, that is to be compared to the effect of
untwisting, especially if it is untwisting from a large twist. 1f the
twist is small, however, that is, not greatly beyond the limits of tor-
sional elasticity, the untwisting will be aided by the elasticity of the
wire, so that it will have something of the character of a mere undo-
ing. From this point of view, then, small twistings and untwistings
will be to a certain extent comparable to applying and removing mag-
netising foree ; while large twistings and untwistings are to be com-
pared rather to applying first a given magnetising force and then a
small reversed magnetising force. Hence for small cyeclic twistings,
the magnetic lag is a true lagging effect ; but for large cyclic twistings
it becomes really a “priming” effect. The fact that the limits of tor-
sional elasticity for iron are much greater than the same for nickel
fits in admirably with the result established above that the critical
twist at which the lag changes sign is much higher for iron than it
is for nickel

There is, however, another and perhaps a simpler explanation of
the phenomenon. It is suggested by some results of experiments of
the same nature which I have carried out very recently. The experi-
ments are not quite completed ; but enough has been done to show

that, in the case of nickel (and in certain circumstances, iron also)
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magnetised circularly by a current passing along it, the positive lag is
eliminated if the wire is tapped or kept in a state of forced vibration.
Thus it may be that the tendency of cyclic twisting is to produce
negative magnetic lag; but that the effect is modified by the mag-
netic retentiveness of the undisturbed wire, a retentiveness which
is generally explained in terms of molecular friction.

The two explanations suggested are not altogether rivals. It is
quite possible indeed, that both may be true, being simply somewhat

different ways of looking at the phenomena involved.
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