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VII. On the Changes produced by Magnetisation in the Dimensions of Rings and Rods
of Iron and of some other Metals.

By Smaerrorp Biowern, M.4., F.R.S.
Received February 9,—Read March 1, 1888.

IN a paper communicated to the Royal Society in 1885% I described some effects
of magnetisation upon the dimensions of iron rods. It was there shown that the
elongation which such a rod at first undergoes when magnetised (a phenomenon which
had been carefully studied by JouLe and others) does not, as had been believed,
remain unchanged at a maximum when the magnetising force exceeds that which is
sufficient to produce so-called saturation. On the contrary, it is found that, when the
magnetising force is continually increased beyond this limit, the elongation becomes
gradually less until the rod is at last actually shorter than it was in the unmagnetised
condition.

Though there could be little doubt as to the general qualitative reality of the effects
described, the experimental evidence was nevertheless not free from certain defects
which I was not at the time able to overcome.

In order to obtain a magnetic field of the highest intensity possible with a limited
battery power, a solenoid was used which was not much longer than the rods them-
selves, and the field, therefore, was not quite uniform. The effect of the ends of the
rods was also uncertain, and might have played some material part in the pro-
duction of the phenomena in question. Another serious element of uncertainty
arose from the fact that the rods with which the experiments were made were
permanently magnetised. Since it was impossible to remove a rod from the instru-
ment and demagnetise it before every one of a series of observations, it was thought
desirable that the amount of residual magnetism which it contained should at least be
the same throughout the series. This object was attained by passing through the
coil at the beginning of an experiment a current equal to the strongest which it was
intended to use subsequently, the permanent magnetism thus imparted to the iron
having been found to be quite unaffected by the passage through the coil of currents
weaker or not stronger than the first. The effect of this residual magnetism upon the
elongations and retractions was not easily ascertainable. Lastly, the magnetisation
might with advantage have been carried considerably further if sufficient battery
power had been available.

* ¢ Roy. Soc. Proe.,” vol. 40, 1886, p. 110.
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It is clear that if such experiments could be made with iron rings instead of rods
several of these objections would at once disappear. The field due to a current through
a wire wrapped evenly round the ring would be very approximately uniform and easily
calculable, while the ends, with their attendant disadvantages and uncertainties, would
no longer exist. I have from time to time during the last two years made attempts in
this direction, but the practical difficulties encountered turned out to be unexpectedly
great, and it is only recently that I have succeeded in surmounting them.

To bring the strong fields required within the compass of a battery of reasonable
size, it was essential that the rings should be small.  On the other hand, if they were
too small, the exceedingly minute changes in their diameters due to magnetisation
would not be measurable. Ten centimetres had been fixed upon for the length of the
rods used in the old experiments, as being the shortest which was advantageously
possible ; but a ring 10 cm. in diameter would require more than three times the
number of turns of wire necessary for the rods to give an equal field, and the increased
resistance thus introduced would demand a correspondingly larger battery. It was
finally determined to give the rings a mean diameter of 6 cm., but with this small
diameter the number of turns of wire per centimetre which could be properly
wound on was less than in the case of the straight solencid. The strongest field yet
obtained with such a ring, using a battery of 80 Grove’s cells, was 450 C.G.S. units,
When the same battery is employed with the straight solenoid the strength of the
field at the centre reaches 840 units.

Again, the troublesome and misleading effects of heat are much less easily avoided
in a ring than in a straight rod. The importance of securing a steady temperature
may be inferred from the fact that, taking the coefficient of expansion of iron to be
00000122, the elongation accompanying a rise of temperature of a single degree
is more than eighty times greater than that which it is desired to measure. Several
rings were prepared before the difficulty was surmounted of sufficiently protecting the
iron from the heat generated in the surrounding coil by strong currents. Unless an
interval of at least half a second intervenes between the closing of the circuit and
the commencement of the consequent heat expansion, no satisfactory observation
can be made.

In order to get rid of the permanent magnetism which remains after every obser-
vation, a modification was adopted of the device employed by Professor Ewing, and
described by him in ¢Phil. Trans.,” vol. 176, p. 5637. For the variable resistance it
was found advantageous to use a long German silver wire, wound in a close spiral
upon a wooden cylinder, instead of a tube containing sulphate of zinec solution.
Contact with the wire was made by a transverse spring which was capable of sliding
from end to end of the cylinder. The arrangement is indicated in fig. 1. It will be
seen that the German silver spiral AB acts to the coll wound upon the ring S as a
shunt, the resistance of which gradually diminishes from 26 ohms* to nothing as the

* The resistance of the whole spiral,
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spring C slides from A to B. 'While the spring is so moving the current from the
battery E is being rapidly reversed by the commutator D: thus, the coil upon
the ring is traversed by a series of alternating currents of decreasing strength, the
effect of which is to completely demagnetise the ring. In practice the slide and the
commutator were operated together by simply turning a handle.*

Fig. 1,

Passing over the earlier and altogether unsuccessful attempts in which the insulated
wire was wound directly upon the iron, I give below particulars of three rings which
yielded results of value, and which will be distinguished as No. 0, No. 1, and No. 2.
The first was of use only for comparatively weak currents ; the second and third
could, with a little care, be employed in connection with 30 GrovE’s cells.

Ring No. 0.—This was made of soft iron rod of a superior quality, commercially
known as “bright rod.” The joint was carefully welded and the ring was turned in
the lathe to a circular section. It was then covered with four layers of flannel, cut
into strips and wound with three coils of insulated wire.

External diameter of ring . . . . . . . 650 cm.

Mean diameter . . . . . . . . . . . b585cm,
Diameter of section . . . . . . . . . 0515 cm.
Diameter of copper wire . = . . . . . . 007 cm,

Total number of turns . . . . . . . . 450

Fieldt due to coil . . . . . . . . . 30 X C nearly.

C being the current expressed in ampgres.

Two brass rods, 6 cm. and 8 cm. in length, were attached by clamps to the exterior
of the coils, forming prolongations of a diameter of the ring. These rods served to
communicate the variations in the diameter of the ring to the measuring instrument,
which will be described further on.

* The iron was, of course, demagnetised without being removed from the instrument, the slide
apparatus being connected when required by means of a switch.

+ The field at a distance » from the axis of the ring = 2ni/r, where = is the number of turns of wire
and 7 the current in C.G.S. units.
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Iting No. 1.—This was made from a piece of the same rod as the last. The joint
was welded and the whole ring was filed smooth, but it was not turned. The ring
was covered with a boxwood case of circular section (something like a WiNTER'S
ring), which was formed of two rings of semicircular section, having grooves of semi-
circular section cut upon their flat sides. The grooves in the two portions of the
boxwood ring enclosed a space slightly larger than was necessary for the reception
of the iron ring, allowing a play of about 1 mm. Five layers of copper wire were
wound over the boxwood ring.

External diameter of iron yving . . . . . . 67 cm.
Mean diameter . . . . . . . . . . . 6cm,
Diameter of section. . . . . . . . . . 07cm
Diameter of section of boxwood ring . . . . 18 cm.
Diameter of copper wire . . . . . . . . 007 cm
Total number of turns . . . . . . . . . 644

Field duvetocoil . . . . . . . . . . . 429 xC.

Brass rods were screwed into small holes drilled at opposite ends of a diameter of
the iron ring and passed freely through the boxwood casing and the coils, pieces
of india-rubber tubing being inserted between the rods and the wires of the coils.

Ring No. 2 was a welded ring made from a different specimen of iron. It was, like
No. 0, turned to a circular section, and was remarkable for the extreme facility with
which it could be cut in the lathe. Rods of iron (instead of brass) were screwed into
two opposite holes, and care was taken to make the screws fit very tightly, with the
object of securing nearly perfect magnetic uniformity throughout the ring. This ring
was, like No. 1, covered with a wooden case of circular section, but the holes made in
the wood to admit the rods were furnished with short spouts of glass tubing, having
an external diameter of 0'57 cem. and projecting about 25 cm.; the rods were
turned down to such a size as to pass freely through the tubes. The wire with which
the wooden ring was covered was wound in six layers closely up to the tubes, and the
break in the uniformity of the coil was very slight. The tubes also served to shield
the rods from the heat radiated by the coil when a current was passing.

External diameter of ironring . . . . . . 670 cm.
Mean diameter . . . . . . . . . . . 603cm
Diameter of section. . . . . . . . . . 067 cm.
Diameter of section of wood casing . . . . 1'3 cm.
Diameter of copper wire . . . . . . . . 007 cm.
Total number of turns . . . . . . . . . 869
Field duetocoll . . . . . . . . . . . 576xC

Some experiments were also made with two iron rods.
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Rod No. 1.—Commercial iron wire :--

Length . . . . . . . . . . . . . 10cm
Diameter . . . . . . . . . . . . . 027 cm.

Rod No. 2.—Soft charcoal iron :—

Length . . . . . . . . . . . . . 10cm
Diameter . . . . . . . . . . . . . 0'33 cm.

Each iron rod had rods of brass, 55 cm. in length soldered to the ends; the
total length of the compound rod thus formed being 21 cm.
The magnetising solenoid used with the rods was as follows :—

Length . . . . . . . . . . . . . 116 cm.
Diameter of wire . . . . . . . . . . 012cm
Number of turns . . . . . . . . . . 876

Field at centre . . . . . . . . . . . 92X C. nearly.

The rods were fixed axially in the solenoid by means of corks at the two ends.

Fig. 2.

The nature of the measuring instrument employed is indicated in the diagram, fig. 2.
A detailed description of it, with a drawing, is given in the former paper. The ring S,
round which is wound the wire, whose ends are shown at W, W, is placed in a vertical
position, the lower end of one of its rods R resting in a conicai recess in a brass base
plate E. The upper end of the other rod R/, which is chisel-shaped, acts at B upon a
brass lever, one end of which abuts upon a fixed knife edge A, and the other upon a
short arm fixed perpendicularly upon the back of a small circular mirror M, which
turns on knife edges D about its horizontal diameter. Shallow obtuse-angled notches

are cut in the lever at A and B, and in the mirror arm at C. By means of a lantern,
MDCCCLXXXVIIL — A. 2 K
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illuminated by a lime light, the image of a horizontal wire is, after reflection from the
mirror, projected upon a distant vertical scale. A very slight deflection of the mirror
causes a considerable movement of the image. The actual dimensions are as follows :
—The distance AB = 10 mm., AC = 170 mm., MC = 7 mm. ; the distance from the
mirror to the scale was in all the experiments described in the present paper 7320 mm.
(24 feet). The multiplying power therefore (remembering that the angular deflection
of the beam of light is-twice that of the mirror) was

== -T2 .= 35,554 times.

Each division of the scale = ;Y inch, = ‘64 mm. Therefore a movement through one

scale division indicated a difference in the diameter of the ring, or the length of rod,

under examination of ‘
1/85554 of 064 mm. = 0°000018 mm.*

Since the mean diameter of the rings is 60 mm., one scale division corresponds to

0:000018/60 = 00000003 of diameter,

or three ten-millionths.

The rods being 100 mm. long, one scale division indicates 000000018, or 1°8
ten-millionths of their length.

The optical arrangements were very perfect, and it was easy to read to half a scale
division, or less, with accuracy.

The currents were measured by one of AyrroN and PERRY'S ammeters, having a
commutator by means of which the coils could be arranged either in series or in
parallel, the deflections in the former case being ten times as great as in the latter.
The instrument had been recently calibrated and was checked by reference to a tangent
galvanometer. The ammeter being nearly dead-beat, the circuit needed to be closed
only for a very short time in taking a reading. But it was found necessary in the
experiments with the rings to switch the current through a coil of the same resistance
before measuring it. The coils employed for this purpose were wound with the same
kind of wire as that used for the rings. The ammeter was read to a quarter of a scale
division.

The experiments were conducted as follows :—

(@) The ring or rod was demagnetised.

(b) A certain current was passed for a moment through the magnetising coil and

the deflection indicating elongation or retraction was noted.

(c) The same current was passed a second time and the deflection noted. This was

generally different from that given by (b).

() The iron was once more demagnetised.

% Seven ten-millionths of an inch.
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(e) The same current was again sent through the coil, and the consequent deflection
was the same (or nearly so) as in (b).

(f) The current was passed through the coil for the fourth time, and the resulting
deflection was about the same as in (c).

The mean of the deflections found in (b) and (e) was taken as giving the true
elongation or retraction produced in a previously demagnetised ring or rod by a given
current. The mean of (¢) and (') gave the changes which occurred when the iron had
been permanently magnetised by the same current. To these latter no great
importance is attached.

The above series of operations was repeated with every dlff'erent current that was
passed through the magnetising coil.
~ Table I. gives the results of experiments made with the three iron rings and with
the rod No. 2. The magnetising forces are expressed in C.G.S. units and the
elongations as ten-millionths of the diameter of the rings and the length of the rod.
These results, except as regards ring No. 0 (which are omitted to avoid confusion),
are plotted as curves in fig. 3, the abscisse representing the magnetising forces and
the ordinates the corresponding elongations. The curve of ring No. 0 would, if plotted,
ascend very near to that of No. 2, and descend almost in a straight line with that of
No. 1, its apex being about midway between the two.

TaprLe I.—Irox.

Magnetising forces are expressed in C.G.S. units; elongations in ten-millionths of the diameter or

length.
Ring No. 0. Ring No. 1. Ring No. 2. Rod No. 2.
Ma%(r)xrect;filng Elongation. Ma’%;’:;é'smg Flongation. | Magf'(l:f:é‘smg Elongation. Mag;(:ﬁjg’m € | Elongation.
1 3 19 5 6 4 16 1-8
9 24 26 13 8 11 22 54
13 30 49 30 12 26 29 63
23 42 66 35 20 44 47 15
39 45 152 29 31 50 65 23
68 42 198 23 56 53 90 23
97 36 248 14 107 53 128 20
128 33 292 6 172 41 187 12
321 0 234 29 237 . 45
350 — 3 351 5 287 — 18
364 —6 391 —3 337 — 10
449 — 12 374 — 14
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Upon examination of these curves it at once appears that the general character of
the phenomenon under discussion is just the same in rings as it is in rods. In both
cases a continually increasing magnetising force is accompanied by elongation, which
reaches a maximum, then falls to zero, and ultimately becomes negative. And both
sets of curves appear to follow a similar law, ascending in a form suggestive of a
parabola, descending in a straight line. Greater differences might easily be found to
occur in rings of different specimens of iron than those which exist between the rings
and the rod in the present instance. The maximum elongation (23 ten-millionths) of
the rod which happened to be chosen for these experiments is indeed less than that of
any of the rings, and its retraction begins at an earlier stage. This, no doubt, is
partly owing to the effect of the ends and to want of uniformity in the magnetisation,
some portions of the rod having attained the state of maximum extension while others
had either not yet reached it, or had passed it. But it may also be to a great extent
due merely to the quality of the iron, for I have myself observed in an iron rod a
maximum extension of as much as 45 ten-millionths* (equal to the maximum extension
of ring No. 0 and greater than that of ring No. 1), while an elongation of 56 ten-
millionths (greater than that of any of the rings) has been recorded by Jouret On
“the other hand, the maximum extensions of the rings would undoubtedly have been
less if they had been made of harder iron, instead of the softest which was con-
veniently procurable.

* ¢Roy. Soc. Proc.,” vol. 40, 1886, p. 117.

+ See JouL's paper, ¢ Phil. Mag.,’ vol. 30, 1847, p. 76, or the Physical Society’s ¢ Reprint,” p. 235.
The greatest elongation recorded occurs in Exp. 2, p. 240. It amounted to 28 scale divisions, each of
which corresponded to an extension of 1/138528 inch in a rod 36 inches long.

28/36 x 138528 = 0:0000056
or 56 ten-millionths of the length of the rod.
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It may, perhaps, be well to state briefly here, though more will be said on this
point in an appendix to the paper, that each ring or rod has its own peculiar curve,
which is perfectly definite and is at any time obtainable by the method above
described without material variation. |

Being thus satisfied that these curious effects of magnetism are, except as to mere
details, independent of the form of the iron, and having regard to the fact that it is
much easier to obtain intense fields with straight than with circular coils, I thought
it worth while to continue the experiments upon rods only. The metals used, in
addition to iron, were cobalt, nickel, manganese-steel, and bismuth.

The ron rod was that already described as No. 1. '

The cobalt rod was obtained as a rough casting from Messrs. JomnsoN and
MarteEY. It was turned in the lathe to a cylindrical form, and, when finished, its
diameter was 7'1 mm., and its length 67 mm. A single scale division, therefore,
corresponds to 27 ten-millionths of its length.* Brass rods were soldered to its ends
as usual.

The nickel used was in the form of a strip 100 mm. long, 9 mm. wide, and
0'75 mm. thick. v

The manganese-steel rod was given to me by Dr. FLemiNg, who obtained it from
Messrs. HApFIELD. It was said to contain 12 per cent. of manganese. Its length
was 100 mm., and diameter 4'5 mm. A scale division corresponds to 1'8 ten-
millionths of both the nickel and the manganese-steel rods.

The brsmuth was a cast rod procured from Messrs. JorNsoN and MarraEY. Its
length was 182 mm., and diameter 7 mm. One scale division represents 1°'4 ten-
millionths of its length

The results of a series of experiments with the iron, nickel, and cobalt are given in
Table II. and plotted in fig. 4. The mode of operating was exactly the same as that
before described, each rod being demagnetlsed before every observation recorded in
the Table.t

* For each scale division corresponds to 0:000018 mm., or, since the length of the cobalt is 67 mm.,
to 0000018/67 = 2-7 ten-millionths of length.

t The experiment with nickel was made immediately after that W1th iron, and the number of battery
cells used was, after the first two currents, increased similarly in both cases. It was found that, owing
to the constancy of the battery, the ammeter readings in the nickel experiment were, from the third to
the ninth currents, practically identical with those obtained in the iron experiment. It was, therefore,
assumed that they would be the same with the last three currents, and these were not actually read.
Thus the metal was not unnecessarily heated by strong currents, which was a matter of great impor-
tance, the magnetic behaviour of nickel being far more sensitive to slight changes of temperature than
that of iron or cobalt.
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TasrLe II.—Iron, Nickel, and Cobalt.

Tron. ~ Nickel. Cobalt.
Magfg:::mg Elongation, Magf(t)\:cté{smg Retraction. I\Tagl%lfctflng Retraction.
16 18 13 0 31 0
22 27 18 1'8 47 14
31 63 29 72 65 27
49 20 50 14 125 16
69 23 69 23 175% 31
125 20 125 42 224 42
231 72 231 63 352 50
362 — 11 362 83 393% 50
468 — 24 468 96 462 50
592 — 35 592 105 561% 46
636 — 40 636 111 592 46
780 — 42 780 118 636 38
842 — 45 718% 36
749 34
g11 31

ten-millionths of length.
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It appears that the retraction undergone by the iron continues to increase with
increasing magnetising forces until its amount is nearly twice that of the greatest
elongation. But towards the end of the experiment there are indications that a limit
is nearly reached. :

The nickel curve is of the same character as that which I have already published,
but it goes further, and the retraction is finally as much as 113 ten-millionths of the
length. The beginning of the curve is slightly different from that given in my former
paper. This difference was found to be accounted for by the fact that the nickel
there referred to was permanently magnetised.

The curve showing the results of the cobalt experiment is of the most remarkable
nature. No evidence of any change of length appears until the magnetising force
exceeds 30 or 40 units. Then the length of the rod begins to diminish, and continues
to diminish until the force reaches about 400. But beyond this point the rod
gradually becomes longer, and the retraction with a force of 800 units is only three-
fifths of its maximum amount.

[In showing some of these experiments at the conversazione of the Royal Society
on May 9th, 1888, I had the privilege of taking my current from the large secondary
battery used for lighting the building. By means of this it was found possible to
carry the field up to about 1850 units, a far higher degree of intensity, I believe, than
had ever been previously obtained for any experimental purpose without the use of
electro-magnets. In this field the cobalt rod was elongated, the extent of its elonga-
tion being about half that of its greatest retraction in weaker fields. The cobalt
curve in fig. 4 would therefore, if prolonged, cut the horizontal axis, probably at
about 1100 (at which point there would be neither retraction nor elongation), and
would continue on the upper side of the axis. Iron and cobalt, therefore, behave
oppositely. With continually increasing magnetising force iron is at first extended
and afterwards contracted, while cobalt is at first contracted and afterwards extended.
—May 14th, 1888.]

It is difficult to imagine what can be the physical meaning of this effect. The
possibility suggested itself that cobalt might acquire a maximum magnetisation with
a magnetising force of about 400, further increase of the force resulting in a diminu-
tion of the magnetisation. The importance of establishing such a property in any
substance® induced me to make some experiments upon the magnetisation of cobalt
in strong fields,T but there was no indication of any such maximum as was looked for,
the magnetisation being still on the increase when the experiment was stopped with
a force exceeding 700.

It would be interesting to ascertain whether the retractions of iron and nickel

* See MaxwEiLL’s ¢ Electricity,” vol. 2, § 844.

t In RowrLaND’S experiments (¢ Phil. Mag.,’” vol. 48, 1874) the magnetising force was not carried
beyond 147 C.G.S. units.
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would under higher forces exhibit the same peculiarity as that of cobalt. A com-
parison of the three curves seems to favour such a conjecture, but I cannot test it
with the apparatus at present at my disposal. *

No result was anticipated from the experiment with the bismuth ; but with high
forces it was found to exhibit elongation. The effect, though small, was quite
unmistakable, and even roughly measurable. It was certainly not due to heat, the
elongation occurring instantly when the current, was turned on, and disappearing as
suddenly when the current was stopped. Nor do I think it could be accounted for
by the presence of iron as an impurity. The results may be stated as follows :—-

Magnetic force. Elongation.
280 . . . . . . . . Suspected.
470 . . . . . . . . Quite perceptible.
680 . . . . . . . . 0°%25scalediv. = 03 ten-millionths.
842 . . . . . . . . 125scalediv. = 1'5 ten-millionths.

Thus it appears that when the experiment was discontinued the elongation was
increasing more rapidly than the field.

No alteration in the rod of manganese steel could be detected with forces up to
700 units. With 850 units there was a perceptible elongation, estimated at about
one-tenth of a scale division, or one fifty-millionth part of the length of the rod.

Before the experiment, there was no indication of any attraction between the steel
and a delicately-pivoted compass needle, 22 mm. long, at a distance of two or three
mm. After the magnetisation the steel had acquired sufficient polarity to draw the
needle 20° from the magnetic meridian when held about 8 mm. from the opposite pole
of the needle.

It must be admitted that it is not easy to form a plausible conjecture as to the
physical causes of these magnetic extensions and retractions. It has been customary
to explain the extension of soft iron by supposing its component molecules to be
small magnets of elongated form, which, under the influence of a magnetising force,
tend to set themselves in one direction ; but to this view there are obvious objections.
In any case, it seems probable that there are at least two influences, or sets of
influences, at work, the one tending to cause extension, the other retraction. In the
carly stages of the magnetisation of iron the former predominates, but as the
magnetisation advances it is overcome by the latter.

One of the influences tending to produce retraction must certainly be of a purely
mechanical nature.

Suppose a uniformly magnetised rod to be transversely divided through the middle.
The two halves, if placed end to end, will be held together by their mutual attraction,

#* [T hope to have the opportunity of repeating all my experiments with more powerful currents than
those hitherto used.—May 14th, 1888.]
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pressing against each other with a certain force per unit of area, which can be
measured by the weight necessary to tear one half from the other. The same pressure
will exist between any two portions of the rod separated by any possible cross-section,
and a certain longitudinal contraction of the rod will be the consequence. = If now the
rod, having been first demagnetised, be placed in a vertical position upon a fixed base,
and loaded at the upper end with a weight equal to the greatest it could support
when magnetised, it will undergo the same contraction as before, the compressional
stresses being equal in the two cases. The amount of contraction occurring in this
latter case is well known, and does not differ greatly in different kinds of iron. Does
then this mechanical contraction completely account for the magnetic retraction which
is observed in high fields *

With the view of answering this question, I carried out a series of experiments
upon the lifting powers of electromagnets in the form both of rods and of divided
rings, the results of which have been communicated to the Royal Society.* It was
found that the lifting power did not, as was generally believed, reach a practical limit
with a comparatively small magnetising force, such as 185 or even 250 C.G.S. units.t
It is true that after this latter point was passed the lifting power increased much
more slowly than at first, but with a force of 600 units it was nevertheless upwards
of 10 per cent. greater than with a force of 250, the weight supported being in the
two cases 13,500 and 15,000 grammes per square centimetre, allowance having been
made for the electromagnetic action between the iron and the coil.] Between these
limits the increments of lifting power and magnetic force appear to be approximately
proportional, the curve expressing their relation being a sensibly straight line.

Here, then, we have the means of comparing the mechanical with the magnetic
effect. Taking 2040 X 10% as the value of Youne’s modulus for wrought iron, in
grammes weight per square centimetre, the contraction produced by loading the
upper end with a weight of P grammes per centimetre is expressed as a fraction of the
original length by P/2040 x 108

If P =13,500 grms. (the weight per centimetre supported in a field of 250 units),
the contraction will be

13500/2040 X 10° = 0°0000066,

or 66 ten-millionths of the length of the rod.
Again, if the rod be compressed by a load of 15,000 grms. (the weight supported
in a field of 600 units), the contraction will be

15000/2040 X 10°= 00000074

* ¢ Roy. Soc. Proc.,” vol. 40, 1886, p. 486.

+ See Jenkin’s ¢ Electricity,” 7th edition, 1883, p. 124.

1 It is, perhaps, questionable whether any deduction should be made on this account. The figures
without such deduction would be respectively about 14,000 and 15,000 grms. But the difference is not
sufficiently great to affect the argument.

MDCCCLXXXVIIL.—A., 2 F
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or 74 ten-millionths of the length ; t.e., the contraction of the rod when longitudinally
compressed by the weight which it could support in a field of 600 is only 8 ten-
millionths greater than when it is compressed by the weight which it carried in a
field of 250.

Now it appears from the tables and curves contained in the present paper that the
magnetic contraction of an iron rod (or ring) is greater in a field of 600 than in one of
250 by as much as 40 ten-millionths. It follows, therefore, that what I have called
the mechanical contraction only accounts for a fifth part of the total observed effect,
or even less if it should be the fact, as is not unlikely, that the elongating influence
upon which the contracting influence is superposed, does not altogether cease to
increase after the net elongation has reached its maximum.,

The main cause of the retraction, therefore, still remains a mystery.

It is proposed to continue these experiments, which must certainly tend to throw
some light upon the molecular effects of magnetism.

APPENDIX.

The value to be attached to the results given in this paper depends greatly upon
evidence of the precision with which measurements can be made of lengths commonly
regarded as infinitesimal. In order that an estimate may be formed of the degree of
accuracy arrived at, I have thought it desirable to give in the form of an appendix
certain details of the experiments, which if contained in the paper itself would have
been tedious and cumbersome.

As elsewhere stated, the optical arrangements are so perfect, and the edge of the
focussed image of the wire is so sharp that, under favourable conditions, it is possible
to read to a quarter of a scale division (1 scale division = 064 mm. = j% inch) even
when the reflected beam of light is 732 cm. (24 feet) long. But during an experi-
ment it unfortunately happens that, in consequence of the heating effect of the
currents, which no amount of care can completely obviate, the image is in constant
movement up or down the scale, a change of one degree in the temperature of the
magnetised ring or rod, together with its brass connections, causing a rise or fall of
more than 150 scale divisions, This not only renders it difficult to make an accurate
reading, but it is the source of another and more serious inconvenience, namely, that
there can be no fixed zero. Every observation of a deflection, therefore, involves two
scale readings, in each of which there is a chance of error. The following was the
method adopted. At the moment when the upper edge of the wire appeared in the
course of its wanderings to coincide exactly with a certain previously determined
division which it had been seen to be approaching, and the number of which was
recorded as the temporary zero, the contact key was depressed, and the division
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nearest to which the image was deflected was quickly noted.®* The difference
between the two readings gave the deflection in scale divisions. The first of these
readings was believed to be correct within less than a quarter of a scale division ; the
second within halfa scale division. Itisclear that the results of two such observations
made under similar conditions and not unequally affected by any source of disturb-
ance, such as temperature changes, ought not to differ by more than one scale division,
and their mean should be correct to half a scale division. Now half a scale division
corresponds to 0°000009 mm., or about 1 three-millionth of an inch, which is equivalent
to 14 ten-millionths of the diameter of the irqn rings and (approximately) of the
length of the cobalt rod, and to a little less than 1 ten-millionth of the length of
the rods of iron and nickel. This was the degree of precision aimed at. How nearly
it was actually attained may be gathered from the detailed notes of some of the
experiments contained in Tables III., IV., and V., which are given as specimens, and
from the diagram fig. 5.

The tables consist of a transcript from the note-book of the actual figures recorded
in the experiments to which they relate. Nothing has been altered or omitted, and
nothing added, except the two final columns showing the results when reduced to
magnetising forces and ten-millionths of length. The figures printed in heavy type
are those which appear in Table II. Such of the figures as have been rejected (or,
rather, amended) owing to evident mistakes are printed in italics.t This occurs in
only two instances.

The experiments selected are those which relate to the “ Iron rod No. 1” and the
cobalt rod. The first is chosen both because it goes further than any experiment
with the rings, and also because it affords an opportunity of comparing measurements
taken on two different occasions. The figures relating to the cobalt are given in full,

on account of the novelty and probable importance of the results obtained with that
metal.

* This could only be done by a momentary glance, the circuit being necessarily closed for no more
than about half a second to avoid heating: it was, therefore, not attempted to read to a fraction of a
division.

+ The error which most frequently occurred in making a rapid reading was to mistake a long “ 5-line ”
for the long ¢ 10-line ” which came next above it on the scale. This mistake was generally detected and
rectified the moment it was made, but in three or four cases, all of which are specified in the text, the

wrong number was recorded. In these cases the observation was not actually rejected, but was corrected
by subtracting five. '

2 F 2
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The tables contain twenty columns, which, for convenience of reference, are lettered
from A to T.

A gives the number of GROVE's cells used.

B the resistance in ohms inserted to vary the current when only one cell was in use.

C shows the scale divisions indicated immediately before the circuit was closed (i.e.,
the temporary zero), the metal having been recently demagnetised.

D gives the readings obtained on closing the circuit for the first time after
demagnetisation.

. E contains the differences of C and D, giving the elongations or retractions in scale
divisions.

F gives the scale readings immediately before the circuit was closed the second
time (another temporary zero).- Owing to small changes of temperature, the
position of the wire was nearly always different by several divisions from that
denoted in column C.,

G gives the deflections when the circuit was closed for the second time after
demagnetisation. ‘

H contains the differences of F and G. :

I, J, K are repetitions of C, D, E, the rod having been again demagnetised.

L, M, N are repetitions of F, G, H.

O gives the means of E and K.

P the means of H and M.

Q contains the ammeter readings of the currents. -

R the currents in ampeéres obtained by multlplymg the ammeter readmgs by the
factor 01356 or 1'356, according as the coils of the instrument were arranged
(by the commutator) in series or in parallel. ‘

S gives the field at the middle of the coil, obtained by multiplying the amperes
by 92.

T shows the elongations and retractions in ten-millionths of length obtained by
multiplying the figures in column O by 1'8 for the iron and by 27 for the
cobalt.

The first of the experiments with the iron rod was made on Dec. 19, 1887, the
second on Jan, 4, 1888, the whole apparatus having been in the meantime dismantled
and the rod removed from the coil, which had been used for another purpose.

In the first experiment currents of descending as well as of ascending strength
were used. In the second only one smaller current was applied after the strongest,
the experiment being then stopped.

The following points should be noticed :—

(1.) The very close agreement between the results obtained on different days,
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particularly with the smaller currents. Such variations as exceed the specified limits
of observational errors may be fully accounted for by small differences of temperature
affecting the susceptibility of the iron.

(2.) The close agreement between the deflections obtained with ascending and with
descending currents. As before, changes of temperature would account for the
greater part of such differences as exist.

(3.) In the thirty-three pairs of observations recorded in columns F and K, there
is only one instance in which the discrepancy exceeds a single scale division, and in
that case the full battery of 30 cells was in use.

This shows that the degree of precision aimed at was practically attained, at least in
the final results, which are the means of two observations.

The greatest reasonably possible combination of errors in the measurements of the
parts of the apparatus and of the distance of the mirror from the scale would not,
even assuming that they all conspired together in one direction, affect the results to a
greater extent than about 1 per cent. It may therefore be taken as exceedingly
probable that the figures recorded in the table correctly represent to one ten-millionth
part of the length of the rod the elongations and retractions which actually occurred.
The slight variations in the results obtained upon different days or when the order of
the currents was reversed are mainly due to differences in the physical condition of
the iron (thermal or magnetic), and not to instrumental or observational errors.
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In order that an idea may be formed of the extent of such variations, the diagram
fig. 5 has been constructed, in which the three series of observations have been plotted
together, the points belonging to each different series being distinguished by a different
kind of mark. Those of the first experiment with ascending currents are marked
with crosses ; those of the same experiment with descending currents are marked
with crosses surrounded by circles ; and those of the second experiment with ascending
currents are distinguished by dots. A smooth curve is drawn through all the marks,
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There is only one instance in which a point appears to deviate from the curve by a
distance equal to as much as half the height of one of the small square spaces, namely,
when the magnetic force is about 425 units. Now the height of one of these spaces
corresponds to five ten-millionths of the length of the rod; or, since the rod is four
inches (10 cm.) in length, to an absolute length of two-millionths of an inch. Half
the height of a space, therefore, represents a length of one-millionth of an inch,* and
this is the widest deviation which occurs in the whole of the three series of obser-
vations. It is clear that in the great majority of cases the deviation from the mean
curve is very much less, not often being so great as one-fifth of a space height, or one
two-and-half-millionth part of an inch.

The close agreement of columns E and K also shows how perfectly the demag-
netising apparatus fulfilled its object. It appears from columns H and M that the
elongating effect of the second current after a demagnetisation was generally different
from that of the first, the difference being of course accounted for by permanent
magnetism.t _

The figures giving the remarkable cobalt curve are just as regular as those which
relate to the iron. In the results of the 14 pairs of observations in columns E and K
there is not a single discrepancy of more than 1 scale division. Observations were
made both with ascending and with descending currents, all of which are plotted in
fig. 4. It was not until after the experiment was nearly completed that my attention
was called to the fact of the retraction reaching a maximum with currents of medium
strength, and falling off when stronger currents were applied. Thinking that this
might possibly be an effect of heat upon susceptibility, I put on all the 30 cells at
once, the metal having been first allowed to become quite cool. The deflection was,
however, just the same as that which the 30 cells had produced before.

There can be no doubt that the curve in fig. 4 correctly represents the effect of
magnetisation upon the length of my rod of cobalt. Whether all specimens of the
metal would behave in exactly the same manner is not so certain. Professor BARRETT
found} that cobalt was elongated when magnetised. From the analogy of iron it
seems not unlikely that a softer rod of cobalt than mine would in the earlier stages of
magnetisation undergo some elongation; but it is more than probable that with
sufficiently high magnetic forces such elongation would be ultimately converted into
retraction of the kind indicated by the curve in fig. 4.

In the experiments with ring No. 0 the observations were only made once, so that
their individual accuracy cannot be tested by comparison.

* About one-twentieth part of the wave-length of green light.

+ [It appears from a comparison of the figures in columns O and P of Tables III. and IV. that the
permanent elongation which remains when the magnetising force has been withdrawn increases until
the magnetising force which produced it reaches about 130 units, after which it is nearly constant. It
has been pointed out that this fact tallies well with the known constancy of residual magnetism when
the fields are strong.—May 14th, 1888.]

1 ¢Nature,” vol. 26, 1882, p. 585.

MDCCCLX XX VIIL —A., 2 a
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In the case of ring No. 1 (the experiment upon which, as upon all others except
ring No. 0, was conducted exactly in the manner described for the iron rod No. 1
and the cobalt rod) there was no discrepancy greater than 1 scale division in the
two series of 13 observations (columns E and K), except in one instance when there
was evidently a mistake.

The number of pairs of observations with ring No. 2 was 19, in 14 of which the
discrepancy did not exceed 1 division. Of the five greater discrepancies all but one
occurred with descending currents, when the ring was suffering from the heating effect
of the full battery. There is some reason to believe that the demagnetisation was
not so perfect in this experiment as in the others.

Eleven pairs of observations were made with the iron rod No. 2. In two cases
there were discrepancies of 2 divisions ; no other discrepancy exceeded 1. o

In consequence of the very great effect produced by small changes of temperature
apon the susceptibility of nickel, the pairs of observations with this metal were not
nearly so concordant as those with iron and cobalt. The number of double observa-
tions made was 11.  With 5 of these (including a case in which there was an evident
misreading of 5 divisions) the discrepancy did not exceed 1; twice it was 2, three
times it was 3. One observation of a pair was rejected on account of the evident fact
that the demagnetisation had been accidentally omitted.*

But, though the discrepancies are great in comparison with those which occurred
with the other metals, their absolute magnitude is very small, and it is not probable
that any point in the nickel curve, fig. 4, is in error by so much as a millionth of an
inch,t or two ten-millionths of the length of the strip.

ADDENDUM.

Received June 5, 1888.

TuroueH the great kindness of Mr. W. H. Prekce, F.R.S., who allowed me the
unrestricted use of the large battery of secondary cells employed in lighting his
residence at Wimbledon, I have been able to repeat some of my experiments with
much stronger magnetising currents.

The instrument and the magnetising coil used and the mode of working were
exactly the same as before, but it was thought desirable to vary the samples of the
metals, in order that it might appear how far the peculiarities already noticed were
independent of the particular specimens which had been examined.

* The demagnetising process involved eight separate operations, including the closing and opening of
switches. The omission of any one of these might render the process of no effect.

+ When the discrepancy was 3 scale divisions the probable error of the mean = 067 x 1'5 = 1 scale
division = 0-000018 mm. = 0-00000072 inch (or less than a millionth) = 0:00000016 of the length (or
less than two ten-millionths). :
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The vron was a piece of soft charcoal wire, 7°5 cm. in length, and 0'32 cm. in
diameter. The nickel was also a drawn wire, its length being 7°5 cm., and diameter
0'3 cm. The cobalt was a short rod turned from a cylindrical casting. When finished
its length was 4'1 cm., and diameter 0°5 cm.

The nickel and cobalt were supplied by Messrs. JomnsoN and MarrHEY, who
prepared them expressly for these experiments. Both were probably purer than the
specimens previously used. The new cobalt rod in particular was much softer than
the old one, and no great difficulty was experienced in turning it in the lathe—an
operation which I performed myself.

The results of a series of experiments with these rods are given in Table VL., and
plotted as curves in fig. 6, the points at which observations were made being dlstm-
guished by crosses.

It was not attempted, and, indeed, under the circumstances, it would not have been
possible, to make the observations with the same degree of precision as in the first
described experiments. The values of the elongations and retractions are therefore
given in two-millionths of the lengths (expressed for convenience as multiples of five
ten-millionths) instead of in ten-millionths. To this degree of approximation identical
values of the elongations could be obtained for the same magnetising forces with
tolerable certainty, and the accuracy of the tabulated results may be accepted as
amply sufficient for the purpose in view.

TaBLE VI
Elongations in ten-millionths of length.
Magnetic field in
C.G.8. units.

Iron. Cobalt. Nickel.
35 .. BN — 85
100 15 —10 —135

220 .. —25 -
310 0 —45 —210
500 —35 —30 —225
625 .. . —20 —235
745 —50 0 —245

875 e 15 S
960 —60 30 =245
1120 —65 45 —240
1215 .. 55 —250
1305 —65 65 . —245
1400 —66 75 —245

1500 —65 .. ..

Nore.—Where no observations are recorded none were made.

- A second series of observations with magnetising forces up to about 400 units was
subsequently made in my own laboratory (a battery of seven GrovEs cells being
2a2
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employed) in order to arrive at a more definite determination of those portions of the
curves where greater detail seemed to be required. The corresponding values of

magnetising force and change of length thus obtained are given in Table VII., and
indicated by dots in the diagram fig. 6.

Tasre VII
Elongations in ten-millionths of length.
Magnetic field in
C.G.8, units.

Iron. Cobalt. Nickel.
65 13 0 —104

90 17 .. ..

112 .. — 8 .

- 125 19 - —167
181 138 —19 —199
237 7 —31 —218
293 0 —37 —238
343 - — 6 — 44, —240
393 —13 —43 —242
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Referring to this diagram, it will be seen that in the cases of iron and cobalt the
coincidence of the two sets of observations is as close as could be expected. The
earlier portions of these curves have, in fact, been drawn through the dots without
any regard to the position of the crosses. But for nickel the two series of results
diverge very considerably. The curve is here drawn as smoothly as possible through
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the crosses, and the dots are seen to lie evenly and regularly a little below it. A
discrepancy of this kind might, under the circumstances, have been foreseen. It is
beyond doubt due to the fact which I have frequently noticed and already remarked
upon in this paper, that the degree of retraction which nickel undergoes when
magnetised is materially affected by differences of temperature,® a fact which may
be explained by the well-known influence of heat in diminishing the magnetic suscep-
tibility of that metal. Now the temperature of Mr. PREECE'S engine-room on the
afternoon of May 25, when the secondary battery experiments were carried out, was
most uncomfortably high, whereas the air of my laboratory when the other experiments
were made, three days later, was bitterly cold. Unfortunately no thermometer
readings were taken, but the difference of the temperatures on the two occasions
could not have been less than 10° C. Such a difference is, I think, sufficient to
account for the discrepancy of the two series of results.

The results of the experiments referred to in this addendum may be stated as
follows.

Save as to mere details, which may be expected to vary more or less with different
specimens of the metals used, according to their purity and physical condition, the
results lastly obtained are in agreement with the former ones, so far as these go.

With regard to details, the new specimen of cobalt reaches its maximum retraction
at an earlier stage than the old one, namely, at about 300 units instead of 400. Both,
however, agree in not yielding the smallest indication of either retraction or elongation
in weak fields.

The retraction exhibited by the new nickel rod is enormous, being for equal mag-
netising forces more than twice as great as that of the old one, and ultimately
amounting to nearly 1/40000th part of its length. I believe this to be accounted for
by its superior purity.

The new iron curve differs from that in fig. 4 in showing a somewhat smaller
maximum elongation and a greater amount of retraction, but the two are of just the
same general character.

The latest results are so far merely confirmatory of the earlier ones. But they go.
further, and afford information concerning the behaviour of the metals in far stronger
fields than were before obtained.

They show clearly that the retractions of iron and of nickel reach a limit in fields
of a certain intensity, about 1000 for iron and 800 for nickel in the specimens
examined, the retraction in stronger fields being neither greater nor less. My conjec-
ture that a minimum length might possibly be passed is therefore not supported.

On the other hand, it appears that the length of the cobalt rod, after passing through
a minimum, regains its original value in a field the strength of which is for this
particular rod about 750 units, and then rapidly increases, the increments of length

# T find that Professor BarreTT had observed this effect of heat. *Nature,” vol. 26, 1882, p. 586.
—June 13, 1888.
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and of magnetising current being nearly proportional when the experiment was stopped
with a field of 1400 units. The actual elongation was then about four times as much
as the maximum elongation of the iron rod.

It is clear that so far as cobalt is concerned the subject is not yet exhausted, though
the further experimental investigation of it would not be easy. A limit to the inten-
sity of the magnetic field, which can be produced by a coil of given dimensions, is
imposed by the heating effect of the current,® and this limit was practically reached
in my experiments, With a larger coil, and a suitably adapted instrument, stronger
fields could undoubtedly be obtained without either serious heating or sacrifice of
uniformity ; but the battery power necessary for such a coil would be dispropor-
tionately great, so great, indeed, that for any considerable increase of the field it
would not be easily obtainable.

It is unlikely that a field suitable for these experiments could be produced by means
of an electro-magnet. For the present, therefore, our knowledge as to the behaviour
of cobalt under magnetisation must remain incomplete. ‘

In conclusion I have to express my hearty thanks to Mr. PreEcE for having so
freely placed at my disposal the resources of his valuable electrical installation.

¥ The quantity of heat generated in the coil per unit of time varies as the square of the magnetic field.



