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any perceptible potential difference at the extremities of the thread
being necessary. It appears therefore that the thread has no resi-
stance, and for the residual resistance which it might possess, a
higher limit can be given determined by the smallest potential
difference which could be established in the experiments (here
0.03.10~¢ V) and the “threshold value” of (he current. At a lower
temperature the threshold value becomes higher and thus the highest
limit for_the possible residual resistance can be pushed further back.
As soon as the current denmsity rises above the “threshold value”,
a potential difference appears which increases more rapidly than the
current; this seemed at first to be about proportional to the square
of the excess value of the current above the initial value, but as
a matter of fact at smaller excess values it increases less and at
greater excess values much move rapidly.

It appears that the phenomena at least for the greater pari are
due to a heating of the conductor. It has still to be settled whether
this heating is connected with peculiarities in the movement of elec-
tricity through .mercury, which for a moment I thought most pro-
bable in connection with various theoretical suppositions (comp. § 4),
when this metal has assumed its exceedingly large conductivity at
low helinm temperatures; or whether it can be explained by the
ordinary notions of resistance and rise of temperature of a conduc-
tor carrying a current, perhaps with the iniroduction of extra nume-
rical values for the quantities thai influence the problem. A further
investigation of this with wmercury in the most cbvious directions,
such as cooling the resistance itself with helium, presents such diffi-
culties that I have not pursued if, as it would not be possible to prepare
the necessary mercury resistances by the comparatively simple process
of fieezing mercury in capillary tubes. When I found {(Dec. 1912)
that, as I shall explain in a following Comm., (see VIII of this series
Comm. N°. 132d) iin and lead show properties similar to those of
mercury, the invesligations were continued with these two metals.
Thus the experiments with mevcury which are described below may
be regarded as a first complete series.

Various circumstances combined to make even the investigation of
the miercury inclosed in capillavy tubes difficult. A day of experi-
ments with liquid helium requires a great deal of preparation, and
when the experiments treated of here were made, before the latest
improvements in the helium circulation were introduced, there were
only a few hours available for the actnal experiments. To be able
to make accurate measuremenis with the liquid helium then, it is
necessary. to draw.up a programme beforehand and to follow it
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quickly and methodically on the day of experiment. Modifications
of the experiments in connection with what one observes, must usually
be postponed to another day on which experiments with liquid helium
could be made. Very likely in consequence of some delay caused by the
careful and difficult preparation of the vesistances, the helium appa-
ratus would have been taken into use for something else. And when
we could go on with the experiment again, the resistance sometimes
became useless (e.g. § 3) because in the freezing the fine mercury
thread separated, and all onr preparations were labour thrown away.
Under these circumstances the detection and elimination of the
causes of unexpected and misleading disturbances took up a great
deal of time. ] -

§ 2. Confirmation of the sudden disappearance of the resistance
at 4°19 K. and first observations concerning the potential phenomena
at low temperature. The first experiments which showed the pheno-
mena to be discussed were made in October 1911, with the resistance
described in the previous Comm. (N°. 124c).

a. Before discussing them let us consider for a moment the
measurements which were made with this resistance at 4°.23 K. and
add something to what we said about them in the previous Comm.?).
In the measurements which we are considering we could take ad-
vanitage*) of the presence of Hg, to measure the portions between
Hy, and Hg, and between Hy, and Hg, separately and afterwards the
two in series. The result was Hy, Hg,=—0.05188, Hg Hy,=0.0617L,
together 0.1135 L. This gave a necessary check on the determination
of the twoin series Hy,Hg, = 0.1142 £°). These values, considering

1y For a survey of the observations concerning mercury at the lowest temp. in
three figs. with rising scale the icader is referred to Rapport du Comité Solvay,
Nov. 1911, fig. 11, 12 and 13 (in which read 13 for 12, and 12 for 13, Leiden
Comm. Suppl. NO* 29). -

%) The measurements with a view to which the tube Hg, was added (see Plate I
m Comm. NO 124¢) were not made then, but postponed till later. (See § 5.
They were to enable us to judge of the dependence on the section.

3) The resistance at the boiling point of hydrogen was 3.27 2. A further Comm,
will refer to the difference of the ratio of the values at 278° K. and 20° K. to
those in previous measurements, which is here of no consequence and is due to
different ways in which the mercury freezes In the experiments described here
similar differences were constantly found.

it should be mentioned that the glass was tested at all temperatures for its
insulation and also that when the potential difference at the terminals was found
to be zero, it was always ascertained that the resistance of the galvanometer
circuit which served to measure the P. D. had not changed materially. -
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that they belong to about 65 & (calculated for solid mercury at 0o C.)
correspond pretty well to the results obtained in the experiments
in May 1911 Comm. N°. 1225, July 1911, viz. that a resistance of
about 40 £ (calculated for solid mercury at 0° C.) becomes 0.084 £
at the boiling point 4°.25 K.

B. In these experiments the validity of Omm’s law was confirmed
above the point where the almost sudden disappearance of the
resistance begins which was treated in the previous Comm. by one
measurement at a cunrrent strength of 3 and another of 6 milliam-
peres which within the limits of accuracy gave the same result
(0.0837 at 3, and 0.0842 at 6 m.A.). In connection with the expe-
riments in Comm. N°. 1220 July 1911 we may mention that they
were made with a resistance of a different kind from that') which
was mnsed for the experiments in Oct. 1911, viz. the one which
appears in the Plale of Comm. N° 123 as g, (of about 40 £
calculated for solid mercury at 0° C.). Narrow tubes alternately going
up and down were connected by expansion heads (as in the Plate
in Comm. N°. 1245) and connected to platinum leading wires by
fork-shaped turned down wide pieces?), which can be seen distinetly
on magnification on the Plate in Comm. N°. 123 (where the resistance
is shown in the cryosiat).

y. After this digression about the change in the resistance between
ordinary temperature and the boiling point of helium, let us return
to the experiments in and below the region of the sudden fall of
resistance, which as has been said at the beginning of this § were
made with a mercury resistance with mereury leads, and which
were treated of in § 3 and fig. 1 of the previous Comm. (Dec. 1911)
about the resistance at helium temperatuves (experiments of Oct. 1911).

Y) This was a ramification of solid mercury threads consisting of a U divided
at both ends, allowing measurements as well by the method of Carenbar as by
the potentiometer method. (Note added in the translation).

9 In the resistances which were used for the first experiments with mercury,
the platinum leading in wires were simply sealed into the wider portions of the
1esislance tube at the ends (the expansion heads). When the mercury cannot be
poured into the lube in vacus but has to be boiled in the tubes in order ihat they
may afterwards be exhausted without any chance of the mercury separating there
1s some fear of platinum amalgam being formed which might penetrate into the
current circnit. In order to prevent this the wide ends of the tubes are according
to a suggestion of Mr G Horst, made fork-shaped, the prongs which contain the
sealing place being turned down. In this manner mercury leads may in general
be replaced by platinum leads without any tiouble being experienced with regard
to the resistance of the current circuit. By a comparison with experiments with
mercury leads it had been found that the mercury-platinum contacts could be
allowed in the potential circuit
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At 4°.20 K. we find ourselves in the higher part of ‘the almost
sudden change. In the case that we are now about to treaf it had
almost become complete. With a current »f 7.1 m.A. it was a con-
siderable time before the condition became stable. When this had
taken place, the resistance of Hg,Hy, was found to be 0.000746 £ ).

At a further cooling of the mercury to 4°.19° K. with the same
strength of current the result was only Hg, Hy, < 1.4.10—° L.

d. At 4°19 K. we come into the lower part of the region with
which this Comm. deals in particular. The strength of the current
had to be increased to 14 m.A. to give a perceptible potential difference
al the ends of the resistance but even then it remained doubtful. It
became distinct at a current strength of 0.02 amp. and was then
2.510—% V. At 0.023 amp. it became 5.10—¢ V, and at 0.0288 amp.
16.10-6 V.

When the mercury thread was cooled by helium which evaporated
at a mercury pressure of 40 cm. that is at about 3°.65 K., with a
strength of current of 0.49 amp. there was no potential difference
to be observed at the extremities, the current had to be increased
fo the threshold value of 0.72 amp. to make the potential difference
observable.

&. The highest limit of the value which the residual resistance
can have in the case of the lowest temperature, is therefore in
these last experiments again considerably _redhced by the application
of stronger currents, viz. in this case (3°.65 K.) to 10—% of the
resistance at 0° C. (calcnlated for solid mercury) while in Comm.
N°. 1226 June 1911 at 3° K. it could only be put at < 10—7.

“

" § 3. Appearunce of the same potential phenomena in a revised
arrangement of the experiment. The appearance of the peculiar pheno-
mena immediately above the “threshold value” of the current, gave
rise to the question whether the just established limit would not
have to be put lower when it should be possible o avoid the dis-"
turbances, which might still exist, and perhaps showed themselves
in the above mentioned phenomena. The most obvious thing in the
first place was to prevent the possibility with great current density
of heat, develeped in places in the main circuit where the temperature
is higher, penetrating io the resistance that is being measured. By
this, from both ends, the thread would be brought over part of

1) Here and in lhe following we speak repeatedly of resislance. without wishing
to give it beforehand any other meaning than: calculated by Onm's law from the”
strenglh of current and the polential difference ohsetved.

=
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its length above the vanishing temperature, which would immediately
cause considerable putential diffecences. In this connection we thought
Q'U’j, K 1Fogs +Fae  particalarly of JouL heat. Permine

v 74 heat, which we had noticed before

&,5 ; (Comm. N°. 124¢) but which for the
’,’ s present we afttributed to impurities
FPJ.k in the mercury in the legs, and
assumed to be present only in the
neighbourhood of the transition
, from solid to liquid, I took to be
%j}, as far as possible excluded, by flle
T o) A F fact that tl?e \v}{ole current system
L 5 o was of pure solid mercury at the

very low temperatures. Now this
belief may Dbe untrue, because
owing either to tension caused by
a difference of expansion to that
of glass which il seems can be
fairly great as the mercury sticks

1
)
5

25 to the glass, or through the contact

n’w /jq 1, between crystals of different kinds
v \f/-\ )lé T Z:i i or sizes, even in the purest mer-
‘,7/1 .;S/w \{:}V\‘—\J“f«’ cury 00n§1derab[e thermopowers
430 17, Y wa may possibly appear. But then
’ e they have their seat, as shown by
Fig. 2. the previous experiments, chiefly

in places above the temperature of liquid air and Prrrize heat in
these places need not be feared. To avoid disturbances of the sort
to which we referred the experiment was repeaied with resistances
of such a kind that the conduction of any kind of heat from a
part of the apparatns where there was higher temperature was
made very difficalt. The accompanying figure, which should be
compared with figs. 1 and 2 on the Plale in the previous Cowmm.
N°. 124¢ (VI of this series) shows the form chosen. The mercury
threads which lead the current to and from the apparatvs, run
first through the liguid heliom downwards, before they come
out into the widened parts of the resistance. The potential
wires do the same?). Close to the sumrface of the liquid the leading

1) Corresponding parls are indicated by lhe same lctiers, modified parts by the
addition of an accent A small additional improvement was furlther iniroduced into
the conlacts at the upper end, the four leading tubes were simply left open
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wires can be thin on account-of the low temperature. There were
two resistances of the same kind in the cryostat, one of 50 £ and
the other of 130 £, the section of the tubes was about 0.004 mm?
and 0.0015 mm®. They were intended to investigate the influence
of the section of the tubes upon the phenomena examined, a thing
that had been aimed at already before (see § 2) but did not succeed
and the preparation of the narrowest one in particular had given
great difficulties. It gave way during the experiment, so that the
question of the influence of the seciion had again to be solved later _
on (see § 5). The experiments which were of chief importance for
the matier under consideration were made in Dec. 1991 with the
smallest of the two resistances, the section of the narrow resistance
tube was here a little smaller than the mean in the resistance which
was used for the experiments in Comm. N°. 124e.

On the whole the results were the same as by previous measure-
ments. Although great care?) was again given to the distillation of
the -mereury with the help of liquid air?), the mercury legs, as has

(which made it easy to add mercury which the contraction during the ireezing
made necessary), and bell shaped tubes Hyr were placed over the exiremilies in
which the platinum wires Hg' ete. are sealed, which connéct the resistance to the
current sources and the measuring apparatus. Plalinum amalgam (see note 2, p. 4)
need not be feared in lhis case, so that the complicalion of the inverted forks
was superiluous.

We do not need here to enter inlto parliculars of precautions such as the
protection of contacts against changes of temperalure, and olthers which have
reference to_the special circumslances under which the resistance measurements
were made
N F ) In § 9 it is demonstrated that in repeating the experiments
rot so many precautions would have been sufficient.

%) [n the distillation the mercury was not healed above G5°
and 70° C. while the cooling was effected withliquid air. Inorder
not to have to wail too long to procure a sufficient quantity it
was done in an apparatus shown in fig. 2 at /3 of the actual
size. The mercary is brought into the double walled tube a b
(with the reception beaker ¢), which was sealed off below at e.

It is exhausted through tube d, while the mercwy is warmed
and then sealed off at /.

The lowest part is immersed in warm water; in the hollow

@ liquid air is poured. In 8 hours about 2 cm® goes over; the

Fig. 2 condensed mercury in ¢ is afterwards poured out at £
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been observed, gave considerable thermo-power; the legs with the
smallest thermo-power were chosen as potential wires).

There was some indication that the resistance of the merenry in
narrower tubes falls a trifle less than in wider ones, when the
tubes are cooled to 4°.25 K. (boiling point of helium). The new
experiments also raised the question whether the almost sudden
changes were found at a slightly different temperature of the bath
in the narrower than in the wider tubes. But all this concerns
particnlars which can probably be explained by differences of crystal-
lization and of heating by the current.

That the almost sudden change begins at 4°.21 K.?) and ends

TABLE L
Potential difference of the extremities of mercury threads carrying a current.
Current d;g_sﬁ'ngl amperes |potential difference in microvolts
Temperature -
October 1911 | December 1911 IO:th)Il;irzégcll; Delcimggrcéigll
0.49 X 190 0
0.510 X 260 - 0
0.56 0
3°.65K. 0.665 0.5
0.72 TX1.14
0.890 4.1
.10 - , 12.17
/ 0.010 ¢ 0
0.014 7X0.017
‘ 0,016 0.4
40, 19K, 0.020 7>0.36
. 0.023 1X0.71
0.024 4.1
| 0.028 1% 23 .

1) It amounted to only 12 microvolts, and this was compensated. The seat of
these E. M. . (up to 340 microvolls) is to be found principally in the portion above
hydrogen lemperature.

%) This means more precisely 0° 04 below the boiling point of helium.

92
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within a fall of 0°.02, was again confirmed with a resistance of -
about 50 & (calculated for liquid mercury at 0° C.). }

Concerning the threshold value of current and the potential
differences appearing at higher currents, i.e. the phenomenon to which
the investigations were especially directed this time (Dec. 1911)
results were obtained which correspond pretty well with the previous
ones -(Oct. 1911) if we assume that the origin of the phenomenon is
in the resistance itself, and at the same time make the natural assump-
tion that the potential difference increases with the current density, and
with conductors joined in series is equal to the sum of the potential
differences in each of these conductors. This is shown in the table,
in which both series of observations are combined, and holds both
for the minimum value of the current at which the potential difference
appears, and the value of the potential difference at a given excess
value of current and a given temperature.

For we must remember that the previous resistance consisted of
7 U-shaped {ubcs not all precisely similar, averaging 37 £, and
the present one of one U-shaped tube of 5) &, while the lengths
of the tubes did not differ much. The appearance of the potential
difference was therefure, on our supposition, to be expected in the
last case at a slightly smaller current than in the first, on the other
hand, the greater length which was partly compensated by a greater
section, made it probable that in the QOctober experiments the potential
difference at the same temperature and current would be a few
times larger, though not as much as seven times. -

§ 4. Guestions to whick the experiments give rise. There were not
sufficient data to make out whether the resistances used really differed
as mneh as was thought as regards the opportunity of receiving heat
through heat conduction from elsewhere, in pariicular Jourk heat.
It would however have {0 be regarded as a curious coincidence that
this conduction of heat in conjunction with other causes had ied to
such a close correspondence in the phenomena observed. It seemed
much wmore probable that the pher:omena were to be accounted for
nol by disturbances from outside, but by resisiance arising in the
thread itself.

Where such a remarkable change in the condition of the mercury
takes place as is shown by the disappearance of the ordinary
vesislance, (he appearance of a “threshold value” dependent on the
temperature naturally gave rise to the guestion, if we had to do with
a deviation from Oun’s law ') for mercury below 4°.19 K. The electron

1) I hope to retaun to the new and impoitant theory of WIEN, in a further comm,

-10 -
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theory, supplemented by the hypothesis in Comm. N°. 119, that
the resistance is caused by Pranck’s vibrators?), and by the more
_special hypothesis that the electrons move freely through the atoms
as long as they do not collide with the vibrators and are reflected
as perfectly elastic bodies at the surface of the conductor, indicates
causes which might work in that direction. The distance which the
free electrons travel between two collisions at which they give off
energy derived from the electric force, might become comparable
to the dimensions of the conductor below 4°.19 K. (compare Comm.
N°. 119 Feb. 1911 § 3, last note); the speed which they acquire
in the electric current is perhaps no longer negligible compared
with the velocity of the heat movewment; for a certain current density
at each temperature it might be just sufficient {o bring the vibrators
into motion, which otherwise below 4°19 K. are stationary ?).
Considering all this, we nay not take it as a matter of course, that
Omw’s law will still hold below 4°19 K. and a further investigation
of this will be interesting, if it only proves that this is actually
the case.

As .long as the contrary is not experimentally proved, we shall
however adhere to this law, because we have first to try to refer
the phenomena as much as possible to already known ones and so
far on appropriate suppositions from the domain of known pheno-
mena the results obtained did not seem incompatible with Omn’s law.

Varvious possibilities presented themselves at once. A very small
residual resistance evenly distributed throughout the whole thread
might remain, which might be peculiar to the pure metal as such
(§ 12a), or might be the consequence of an admixture (mixed crystais)

1) LenarRD has recently given two important papers on the conduction of
clectricity by free electrons and carriers, which mtend with a third paper to make
a whole of his highly interesting researches on the interaction of clectrons and
atoms and the theory of metailic conduction. This gives to the latter a new and
very promising base. In the first paper Ann d. Physik 40 p. 414, 1913 he comes
to the result making use of the greal conductivity of metals at helium temperatures
(Comm. NO, 119) that OrM's law is only valid within narrow limits for metals at
very low temperatures; comp. further VIII § 16 of this Series. (Note added in the
translalion).

%) At the great current densities that were attained in some of the experiments
(see § 7), (they went wp to 1000 Amp. per mm?) the question arises if even the
change in the resistance of the conductor through its own magnetic field of the
cwrrent through the conductor should be cousidered, as it might be the case, that
the resistance in the magnelic field for mercury in this condition was much
greater, just as it alters with the temperature for some other substances, and has
been found to increasc for meicury al hydiogen temperatures (Kamprrines Onngs
and Bener Beckuan, Leiden Comm. N'. 132a).

92>
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evenly distributed through the metal. It might also be that the pure

metal in the particular condition in which it comes below 4°.19 K.

and in which the atoms perhaps form one whole together, does not
possess any resislance at all, but that somewhere (§ 11)in the thread
through some peculiarity a section is sufficiently heated by great
current density, to bring the temperalure of the thread locally up
to the vanishing point. In either way an ordinary resisiance could
be formed somewhere, which, when the strength of current is
further increased, gives rise to an acceleraled heat evolution and an
increased development of resistance.

§ 5. Further investigation of the potential difference phenomena,
in particular at temperatures slightly below the vanishing point. It was
considered desirable in the first place, to investigale the' influence
of the thickness of the thread upon the temperature, at which the
fall of resistance occurs, and also upon the more or less sudden
disappearance of the resistance.

The resistance apparatus with which
the experiments (Jan. 1912) for this
purpose were made differed from those
of Dec. 1911 only in this, that in the
two pairs of mercury threads which
serve for the measurement of the
resistance of the mercury (two current
leads and two poteniial threads) the
pieces that were above helium tempe-
rature were replaced by copper wire,
in this way that the mercury legs
were cut off and sealed up, and in the
sealed up ends, as in the resistances
of Oct. 1911, platinum wires were
sealed in, which were in their turn
joined to copper leads?). During the
experiments all these contacts were
immersed in liquid helium, compare
fig. 3. This change was made since

Y) The wires were made comparatively fine, to prevent the liquid helidm from
evaporating loo quickly from the conduclion of heal. Besides lhe condition of heat
from ahove Lhe absorption of radiated heal by the metal in the transparert
apparatus was avoided. Later on, when lhe various circumstances conld be better
surveyed, leads were conslructed which could carry a strong current without
causing too much evaporation.

Y

-12 -



1417

it had been shown that the kind of lead had little influence on
the phenomena, so as to be free from the troublesome thermocurrents
in the potential wires, when these were of mercury, from the resistance
which was immersed in helium to where the ordinary temperature
began, and all four were replaced in order to be free in the choice
of the pair of threads which were to be used as potential wires or
as current leads. The thermopowers were now only aboul 10
microvolts. -

The experiments of Jan. 1912 were made with two mercury
threads, one with a resistance of about 50 £, the other of about
130 L. These resistances_were joined up in a circuit with a milliam-
meter, which could be shunied, and to each of them one of the
coils of a differential galvanometer was connected as a shunt. By
using only one coil at a time the resistance of each of the mercury
threads could be measured separafely; by connecting the two coils
in the opposite direction the change in the ratio of them with the
temperature could be investigated as long as the difference was small.

The ratio
(Ef’_’i‘l) = 184 s ’

W,, Jr—s0 50,4

became, through cooling to the boiling point of helium
0,0542
Efﬂ _— —%—=2,18.
W, )1 = 95 0,0249
The ratio changed, as had been found before, and as could be
readily explained by a slightly different manner of freezing of the

mercury in the two tubes.
On changing the current strength at 4°.25 K. we found

Current in Amp. Wise W,
0,006 0,0545 0,0251
0,010° 0,0250°
0,016 0,0249
0,030 0,0549 0,0260 ).

Up to. currents of 0.03 amp. therefore it is confirmed that there
is no reason to assume a deviation from Omw’s law above the
vanishing point. .

On lowering the temperature from the boiling point to where the

) As regards the deviation at 0,03 amp. of Wy, we may perbaps conclude
from the comparison of the ratio of the resistances at 7'= 290°K and I' = 4°25 K.
in the lwo resistances, that theie is a thinner place in the thread Wy, by whicha
greater heating takes place locally at temperatures above the vanishing point, than
would be expected from the average section.

-13 -
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disappearance of the resistance begins, this ratio remained unchanged
according to the observations with the differential galvanometer;
from that” point downwards the vesistance in which the current -
density was smaller, disappeared more quickly.

Although the resistance in the experiments disappeared gradually,
yet the way in which it disappears gives the impression that the
change in resistance of the mercury with the temperature occurs
suddenly and that the gradual disappearance of the potential is due
to the fact thai the thread is only gradually cooled over its whole
length to ULelow the vanishing point, and only that part which is
below this temperature loses its resistance. -

It was again confirmed that at temperatures some tenths of a degree

TABLE 11
- Resistance of mercury threads carrying
current in the neighbourhood of 4°.2K.
T 3.7ar;,1’}3./mm2 1.6amp./mm?2
130 50 .
4°.24 K 0.0532 0.0244° -
4 .22 459 182
216 314 0.0069
214 264 34
213 190 13
210 128 | 0.0003
207 0.0087 1
205 50 1
201 46 0.0000 -
196 21 0.0000
190 0.0005 0.0000
180 0.0000 0.0000

below the vanishing point no resistance was found up to very
high current densities. Table III may be compared witlh Table I.
In W3 the current density could be raised {o 400 amp. per sq. mm.
withont the least resistance being perceptible. The highest limit
for the resistance is hereby put back at 3°.6 K. to <410~ of

-14 -
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the value at 0° C. (in the solid staie) and reduced to about half
of that to which we could go down in the January experiments,

TABLE Il

Potential differences at the extre-
mities of mercury threads car-
rying a current. /=20 cm.
=rd = 0,0016 mm?2for Wiy

=000¢ , , W,

Current den-| Potential |
sity in amp.| difference

| 2 . .
Temp. per mm?2, |in microvoits

Wigy| Wsy | Wizg | Wy

3°.6 Ki 315 | 160 0 0
490 0.27
5C0 2.12
625 | 260 |12.9 0

For Wiy at a strength of current of 1 amp. the current density
which in W3 appeared -to be the threshold value was not yet
reached. A stronger current was applied. Bul now a special
disturbance arose: on raising the current to 1.5 amp. so much
Joure heat was generated by the current in the platinum wires
joining the mercury leg, that this reached the thin mercury thread
and brought it up to a temperature above the vanishing point. All
this was accompanied by a rapid boiling of the helium, while the
ammeter showed a strong falling off of the main current correspond-
ing to a decided rise in the resistance. From the readings it could
be seen that the vesistance of Wy had risen to that which it has
at hydrogen temperature. This time it seemed  most probable that
the potential differences could be attributed entirely to heat introdu-
ced from outside, so that if this could be prevenied it would be
possible to bring at these lowest temperatures the highest limit for
the possible residual resistance still neaver to zero.

§ 6. Lxperiments with an apparatus arranged so as to be sure
that no heat penetrates to the thread from places al a lhigher tempe-
rature than that of the vanishing point.

" A mercury resistance was made, suilable for observing the potential
changes, when a current of 3 amp. went through the same mercury

-15-
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thread as in the last experiments, and to make certain that the
disturbances which had occurred would be impossible The mercury
thiead C, see fig. 4, at the ends of which the potential was to be
measured was for this purpose lengthéned at both ends by an auxiliary
mercury thread of larger section. We will call these auxiliary
threads 4 and B,

-

iy 'k‘ 2y ﬁ L ‘c
o ([ Cseila
‘&54 ' 34

—

ab"(((
(-
[ (—
[@
(o
C
% ~C

Fig. 4, Fig. 5.

By measuring the potential difference at the extremities of both
auxiliary threads it could be ascertained that any heating above the
vanishing point could not be the consequence of the introduction
of heat which had entered the extremities of the resistance €' which
was to be examined through conduction. For this heat could only
enter through the sentinel wives, and these could only become
dangerous to the experimeni after betraying a heating above the
vanishing point by showing a potential fall.

On the ground of the experience in the Jast experiments, the
connecting wires carrying the current in to the resistance (compare
the diagrammatical fig. 4 and the perspective fig. 5) were again of
mercury, in order fo prevent JouLr heat being transported to the
resistance, while sealed in platinum wires to which copper wires
were soldered served as potential wires. The sentinel thread A had

~
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at the ordinary temperature about 35 £, ihe sentinel thread B about
36 & resistance, the resistance C consisted of five threads in series
of about 80 £ resistance each and with a combined resistance of
about 390, & at ordinary tempe:ature.

At the boiling point of helium Wgq = 0,01831 £, Wp =
1.01285 £, W = 0,1773 L. The observations were as shown in
Table 1IV.

We had therefore not succeeded, as had been our intention in
giving a larger section to A and B than to () in managing that
if C should show potential difference, it would do so before 4 and B
did it. Only if ths had happened it would have been shown ihat the
heat that brought C to a temperature above the vanishing point
was developed inside C. And the potential which now appeaved in
C can again be ascribed to heat conduction through A. The expe-
riment shows very clearly that accidenlal circumstances in the
freezing of the mercury threads play a part in the determination
of the “threshold value” of the current density, and that in caleu-

TABLE 1V.
Resistance of a mercury thread
Just below 4°.20 K.
ar2 = 0.0025 mm2 for WC

Wsa | Wsp | Wc

Temp.
currentdensity2 5 Amp. p mm?2
in WC

40,24 0.163 2
4 234 0.161
4 .230 0.011 |0.158
4 222 0.0078 0.0774
4 .208| 0 0022 0.0025 |0.00775
4 .192) 0 000024 0000024
4 .185 0.000012 <106

current density 12 Amp. p. mm2
in WC
4 185/0.000071 |0.000153 | <10—6

currentdensity20 Amp. p. mm?2
in C

4 .185{0.000117 i0000048
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lating with the average section of the tube in which the thread is
frozen, only a lower limit can be given for this. -

Possibly the mercury in 4 and B was only frozen in an unfa-
vourable form, and therefore greater local current densilies or worse
exchange of heat had arisen than the average.

§ 7. Repetition of the experiment with the same apparatus. We
obtained more favourable results from another freezing. First a few
results may be given, which were obtained by measurements at .
different strengths of current at 4°.25 K., that is at a temperature _
above the vanishing point. These results gave- an opportunity of
judging to what degree heat can be given off by the mercury thread
closed up in a glass capillary or flows off along the extremities.

From the increase of resistance at greater current strength, the
rise of temperature was deduced on somewhat simplified suppo-
sitions, at which the equilibrium between the JourLr heat and the
beat given off to the outside is established. The result for the resis-
tance and the average rise of temperature of C was:

current resisiance rise of temp.
0,006 amp 0,1928 0°,
0,006 ,, 0,1932 0°,
0,356 ,, 0,2149 0°12 -
0,500 0,2410 0°,25

The average rise of temperature was calculated by the formula
got by separate determinations

W= Ws(l +09(T — T.)Y

in which 7 represents the boiling point of helium.

It follows from these determinations that per degree of difference
of temperature between mercury thread and bath 0.057 calorie is
given off per second. If we assume that all the heat goes through
the glass, that the mevcury touches the glass everywhere, and that
we only have to consider the rarrow capillary, then we find with
d, = 0.056 mm, d = 2.07 mm, /=100 cm, for the conductivity of
glass £ =0.00033, while at ordinary temperature & ==0.0022.

The loss of beat through the glass must therefore by cooling to
the boiling point of helium have become much less than at ordinary
temperature, which might possibly be the consequence of the mercury
only touching the glass at a few places besides in the bends.

1y See the fig. in Comm. No. 124. Dec. 1911.

¢
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(

The application of the dafa obtained at temperatures below the
vanishing pomnt is in the nature of the matter nuncertain, as we do
not know whether, with the galvanic change in the mercury, there
may not be another change in the thread, which would bring about
- a fuvther change in the giving off of heat.

With regard to the appearance of potential differences at the extre-
mities of the thread, we found the data contammed in Table V.

At 3°6K. the current at which a potential difference would
appear in the sentinel' wires could not be measured, as, before the

TABLE V.

Strength of current at which the potential
difference appears at the extremities of a mercury
wire carrying a current below 4°.2K.
Tré=0,0025 mm2 for C.

Temp. A4 B C

4°.18 K 0,0535 © 0,0615 0,034
4. 10 0,232 0,317 0,172
3. 60 1.068
3. 28 1,646
245 2,56

current had reached this value, the resistance € was heated to above
the vanishing point along too great a length.

What we were aiming at was however attained in these experi-
ments of Feb. 1912. It is established that heat is produced in C by
raising * the strength of current sufficiently, and that the heat is not
conducted to it from A4 and B, smce 4 and B were at a lower
temp. than the vanishing point as appeared by the absence of poten-
tial fall in them. It is developed in the thread itself.

Table VI may be subjoined concerning the experiment at 2°.45 K.
corresponding to Tables I and IIL

At the same moment that the galvanometer which measures the
potential difference at the e:tremities of the thread is deflected, the
strength of current in the main circuit falls from ¢ = 2.84 amp.
to 2=1.04 amp. which corresponds to an increase of resistance
A W =244 L in the circuif, from which il appears that the resistance
is heated nearly to the temperature of hydrogen by the remaining
current, of 1 amp. nearly.
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If we take the last described experiments together, we have
been able by them on the one hand to raise the current density
to the enormous value of about 1000 amp. per mm?®, without -
any heat being developed in the wire. This threshold value for

: TABLE VL

Potential difference at the extremity of a mercury
thread carrying a current below 4.°2 K.

72 = (.0025 mm?2 -

Temp. _current density2 potential diff. .
In amp. per mm. in microvolts
2045 K. 944 < 0.03
- » 1024 0.56
» 1064 1.5
» 1096 6.3
> 1120_ very large

the current density brings the highest limit for the possible 1651stance“
of mercury in the peculiar condition into which it passes below
4°49 K. and particularly when it is cooled to 2°.45 K. still further
back, and the ratio of the resistance at 2°.25 K. to that of solid

Waou5
mercury at 273° K. becomes 2 K<210 lo,
Wazso K

On the other hand it is proved that the development of heat
which appears at a still higher strength of current, has its origin

in the thread itself.

§ 8. Influence of the current density upon the manner in which
the resistance in mercury threads disappears. What has been related
above can all very well be reconciled with the view (see § 5) that
the disappearance of the ordinary mercury resistance at 4°.19 K.
occurs quite suddenly, and in a thread that has been cooled to below
that temperature, as soon as the ‘“threshold value” of the current
density is exceeded, somewhere heating occurs which carries the
thread at that place to above that temperature, at first over a scarcely
perceptible length but at higher currents over a rapidly increasing
distance, by which ordinary resistance is generated in this part of
the wire. With these larger currents the thread then comes in a state
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on which there is no uncertainty, it assumes over its entire length
the new temperature equihbrium of a thread carrying a current, which
equilibrium is determined above the vanishing point in the usval way.
In order to improve the comprehensive view that may be formed
on ‘the ground of Table 1V combined with Table II in which latter
the different current densities do not refer to the same wire, further
experiments were made in June 1912, which show how with the
same thread the resistance disappears at different curreni densities.

The thread had a section of about 0.003 mm*., at the boihng
point of helium the resistance was 0 1287 £2. The experiments were
made with a falling temperature, with current densities of 1.3,

mmw‘vm«lma
A 51049 FTamp
500 /
o w [
/ w
400 17 # 95 N Jrammamp
3-qeamtp  Drawvang
R w
W %
100 100 )/
OW 30 / 200 w0 "} =100 % @ 4 w -2
oo 5 1000( T3}

ig. 6. Fig. 7.

13 and 130 amp. per mm’ (sirength of current 4, 40 and 400
milliamp.). The phenomena are shown in the accompanying figs.,
upon which the numerical values are distinet enough to make
it unnecessary to print a table. Fig. 6 allows a comparison betsveen
the phenomena at 0.004 amp. and 0.04 amp., fig. 7 at 0.004 amp.
and 0.4 amp. The ordinates represent the potential fall in microvolts divi-
ded by the sfiength of the current, expressed in 0.004 amp., the
abscissae the difference of the temp. 7' with that of the boiling
point 7\ =4°25 K. in thousandths of a degree. The unit of the
scale of the abscissae in fig. 7 is five times as large as in fig. 6.
At 0.04 amp. the curve continnes with diminishing values of the
ordinate fo lower {emperatures than ave shown on the fig.; at
4°11 K., when the experimeni had to be stopped, the resistance
was not quite 0, we found 0.2.10-=% V. The intersection with the
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horizontal axis in fig. 7 is probably drawn too sharp; at 3°.96 K.~
the potential difference was < 0.03.10-8 V.

The whole gives one the impression that the lower temperature
of the bath at greater strength of current is required (a comparison
of 0.004 and 0.04 amp. shows that an almost constant shift 'of
temperature would change the potential differences per unit of current
in the one case into those of the other) to cool the part of the
thread that has an ordinary resistance strongly enough to prevent it
imparting its temperature to the part which is below the vanishing
point, and to prevent the temperature in the latter partfrom being raised
above the vanishing point by the greater local development of heat.

With the same thread in the manner of table III the results of
table VII were found, in which experiments are included with a
second thread with a section of about 0.012 wm?®.

It appears that in the thvead W;, to which the experiments just
quoted refer, local heating takes place more easily at the same
current density than in W, (see § 5). The fact that the latier thread
gives off heat more readily also explaing why in W ,, a greater
curvent density checks the disappearance of the resistance less than
in the case of W; (June 1912).

As regards the threshold value of the current density for different
temperatures with the same thread, it would seem from Table VII
and Table V roughly speaking to change linearly with the temperature,

TABLEVIL ‘ 1
Potential differences at the extremities of mercury
threads carrying current
Current density in Potential difference
Temp. amp, per mmZ in microvolts
W 7 Wy Wy
36K 129 0.5
141 very large
363 0,3
412 38
429 12,1
431 very large
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if the fall below the vanishing point is not too small, and if we
leave out of account a term for JourLE heat which only appears
disfinclly at a higher current strength. This naturally suggests that
we are dealing with a Prrminr-effect raising the temperature to the
vanishing point of resistance (e.g. connected with different forms of
crystallication or tensions); (the simultaneous cooling of the opposite
contact - has no effert on the resistance which is already practically
zero and remains zero when further cooled). As regards the thieshold
value of the density at a given temperature for different threads this
appears (comp. § 6 and Table IV) to be rendered uncertain by
accidental circumstances. But it deserves notice that 1t was also found
very high in very narrow capillaries.

§ 9. Euperiments on impurities as a possible source of disturbances.
Although the grealest care was always bestowed upon the purifica-
tion of the mercury, the explanation of the appearance of a residual
resistance that offered itself the first for closer investigation
was the influence of impurities. These may give an “additive mixture
resistance” to the metal which changes little with the temperature
and is proportional to the amount of impurity. To such an additive
resistance I ascribed the fact (Comm. N°. 119 and Leiden Suppl. N°. 29)
that the resistance of very pure plalinum and very pure gold did not
disappear at helium temperatures as [ expected with absolutely pure
metals. Now the experiments had 1ealized the expectation, that mer-
cary could be 50 far freed from impurities, as to malke the resistance
practically nothing. But if one may judge by the additive resistance
which even very pure gold exhibits, then with the residual resistance
“of mercury which is only perceptible at the threshold value or
current densily for the lowest temperatures, it would be a (uestion
of an impurity of the order of a millionth of the lrace that could
possibly be present in the most carefully purified gold. And it was
a priori doubtful if the mercury could be procured in so much
greater a slate of purity than gold.?)

The experiment was therefore repeated wilh solid mercury in
which 1 believed a very small quantity of an other metal lo be
present. After being distilled in a vacuum by means of liquid air,
the mercury was in one case brought imto contact with gold and
the other time with cadmium, after which it was mixed with a
larger quantity of pure mercury. To my surprise with the wevcury

) For difficulties inherent in the supposition of a resistance equally distributed
throughout the thread which apply also to our present case of additive mixture
resistance see § 11.
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that had been ireated-in this way, the resistance disappeared in the
same way as with pure mercury'); much of the time spent on the
preparation of pure mercury by distillation with liquid air, might
therefore have been saved, without the experiments on the sudden
disappearance of the resistance which were made with mercary
prepared in the ordinary way with double distillation giving other
results. -

Even with the amalgam\ that is used for the backing of mirrors,
the resistance was found O at helinm temperatures. (Later Dec. 1912)
it was found that it disappeared suddenly, as with the pure mercury
but at a higher temperature.?) -

Where the influence of impurities, in the form of mixed crystals
in the solid mercury, seems to retire into the back ground, the
next most natural supposition is thal less conductive particles, sepa-
rated out of the mercury during' the freezing, or coming amongst
the mercury crystals in some other way, bring a resistance into the
path of the current.” But if we do not assume that a thread of per-
fectly pure mercury can possess a residual resistance itself, this theory
of the origin of the potential differences is not very probable, because
in a resistance-free path of current, only by a closing of the whole
section by an ordinary conduactor resistance is produced. Particles
of the sort we mean, as also other ecasual cireumstances, for instance
the manner of freezing and small cracks, can influence the magnitude
of the _threshold value of the current density derived from the ex-
periments, but the values found for this quantity. although they vary,
differ so liftle, that in addition to the causes mentioned we must
assume for a thread of pure mercury the existence of a residual resis-
tance which we will call a “microresidual” resistance, to distinguish it
from the “addifive mixture” vesistance to be attributed to impurities.

§ 10. Lirperiments on the possible influence of contact with an
ordinary conductor upon the superconductivity of mercury., In the
reasoning that we have just given it is assumed that the laws of
current division between {wo conductors which touch each other
also hold when one of the conductors consists of mercury below
4°19 K. But this assumption might not be correct. In the line of

1) Perhaps nol even a quanlily of the order of a thousand millionth of zine or
gold is absorbed in solid mercury. The applicalion of the sensitive test of the
disappearance of the resistance may be of value for the theory of solid solutions.
Of course in our argumenl we only deal wilh absorption in a form which comes
into consideration for the resistance (mixed crystals). . -

2) This part of the text is changed in accordance with the facts see § 13y in
VI of this series.
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thought of § 4 and taking into account the heat motion which takes
the electrons now to the inside and then to the surface of the
conductor, a pushing forward of the electrons in the galvanic current
throngh a super-conductor without performance of work seems only
possible, when its surface only comes into contact with an insulator,
which reflects the electrons with perfect elasticity. If the electrons
can hit against the atoms (or more accurately the vibrators) of an
ordinary conductor, they will of course give off work in this collision.
Thus a thread of super-conducting mercury, if an ordinary conducting
particle were present anywhere in the current path, could show
resistance at that spot, even although the particle did not entirely
bar the section which was otherwise free from resistance.

These considerations lead to the following experiment. A steel
capillary tube, supplied with connecting pieces in which were
platinum wires for measuring the resistance, was carefully filled
with mercury at the air pump. The measuring wires were immersed
"in the mercury, without touching the current wires. According to
the ordinary laws of current distribution the vresistance of this
composite conductor should disappear below 4°.19 K. Whether the
mercury is in a glass or a metal capillary makes no difference to
the conduction. Thus for instance, if one was to coil up such a
steel capillary filled with mercury, and press the coils against each
other without insulating them, the coil could still serve as a magnetic
coil -below 4°19 K.; the coiled up mercury thread would be
resistance-free, and the steel would take the part of the insulator,
which otherwise separates the different windings of the current
path in a magnetic ‘coil. On the other hand if the above reasoning
is correct, a mercury thread, that is provided with a close titting
steel covering should retain its vesistance helow 4°.19 K. though the
current is lowered below the threshold value.

In several experiments with the above mentioned steel capillary,
in accordance with the last conclusion, the resistance of the mercury
thread did not disappear. Yet we must not conelude from this that
the remaining resistance is given to the mercury by the contact
with the steel. There only needs to be one little gap in the mercury
which extends over the whole section, to cause the appearance of
ordinary resistance of the amount according to the potential diffe-
rence. If, the resistance had disappeared in the experiments, there
would on the other hand have been room for the question whether
there had been contact between the steel and the mercury. With
mercary in a steel capillary the resnlt of the experiment remains
always doubtful. We may therefore mention here, that afterwards

9.
Proceedings Royal Acad. Amsterdam. Vol XV,

-25-



1430

when it was found that the resistance of tin disappeared suddénly
too, we succeeded in making a less doubiful experiment than is
possible with mercury, with a flatiened out constantan wire, which
was covered with a thin layer of tin®). The vesistance of the layer
of tin disappeared with a weak current and at a low temperature,
while the constantan remains an ordinary conductor at that tempe-
rature. -

Thus we may for the present adhere to the usual laws of current
division, and in this extreme case continue to assume that in so
far as the appearance of the potential difference is to be explained
by a local heating in consequence of a local change in differénce
of the chemical nature of the conductor from pure mercury this
disturbance must extend over the whole section of the current path.
Thus the conclusion drawn in § 9 concerning the probability of
the existence of a micro-resistance remains valid.

(To be continued).

Physics, — “The radiation of Radwum al the temperature of hiquid
lydrogen”. By Madame P Curie and H. Kawmerrinen ONngs.
Communication N° 135 from the Physical Laboratory at
Leiden. .

One of the most remarkable peculiarities of radio-active substances,
is that the radiation is independent of the temperature. Neither do
the radio-active constants change with the temperature. These two
facts are related to each other; they prove that the radio-active
transformations are not affecled by the influence of temperature,
which plays such an important part in the chemical transformation
of the molecules.

According to the theory of radio-active transformalions, the
intensity of radiation of a simple substance is proportional to the
vapidity of the transformation, so that a change in one of these
quantities involves a change in the other. ’

The experimenial investigations of the influence of temperature
Lhave been concerned with the measurement of the radio-active
conslants and the intensity of radiation of certain substances. P.
Curie has shown that the law of transformation for the emanation
does not change at a temperature of 450° C. nor at the temperature
of lignid air?). Various observers have proved that the penetrating

Liltis to be noted, however, that the current density in the thin layer lnaa to

be made very weak Comp the following part of this Communicalion VIII, § 16,
8, P, Curig, C. R. 1908,

-26 -



