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Destruction of Supercunductivity by Current’
By Russell B. Scott

A spriea of measirements was made of the return of registance in aupereonducting wires

when the current was inereased up to and beyond the eriticsl value,

Wires of pure indinm of

three different dismeters were used, and messuremonts were made gn each wire st four
different temperatures, The transition curves for a wire of given diameter were reproducible
sod were independent of temperature. Measurements on ssetions of wire (L8 millimeter
lomg gave subatantially the same results as measurements on long wires. The fraction of the
normal regigtance reatored by the oritical euccent varied from 477 for & wire 0,38 millimater

in dismeter to 0.85 for wires 0.11 millimeter in diameter.

The clasical formula predicts a

value of 0.560. The results are disenssed in the light of Landen’s theory of the intermediate
state, and it iz shown thet the clessical value may be spproached for wires of large dismeter,

I. Intreduction

The reappearance of electrical resistonce as the
cwrrent i9 incressed in & superconductor was dis-
covered by H. Kamerlingb Onnes [1)* in 1811, Singe
that time the phenomenon has been studied in
seversl experimental investigations and has becn
congidered from a theoretical point of view. Per-
haps the most fruitful theoretical treatment was
that given by Silsbee [2] in 1918 in which it was
postuiated that the magnetic field, associated with
the current in & supercenducior, is responsible
for the restoration of resistance. That is, re.
sistance resppears when the magnetic fiold reaches
a critical value, regardless of whether the field is
applied externally or is caused by the current in
the conduetor. This becema known a9 the Silshee
hypothesia and bas been verified in numerous ex-
periments.  Silsbee slse reperted a theoretical
treatment suggested by Langevin, which described
the resistance ag 8 funetion of the curreni in &
eylindrical wire as the current s mcreased up to,
and beyond, the criticnl value. It was predicted
that when the current reached the eriticel value
the resistance would rise suddenly to one-half the
normal velue, and, as the curreni was further in-
creased, the resistance would rise more elowly,
approaching normal! resistance saymptotieally.
The mathematical expression for the resistance

1 Snppeorted by thet Oiles of Hawel Resenrch, Cotbrat Aot 1246,
1 Figures in bracksts indieate fhe liberstours referances al the end of this

DB,

Daatruction of Superconductivity

waa not included in Silsbee’s paper, but F. London,
in a similar analygsis [3], gives the result,

whore B i ths resistance of the wire carrying the
current, I; R, ia the normsal resistance messurved
just sbove the trnmsition temperature; and 1, is
the current that will produce the critical magnetic
field at the surfacs of the wire.

In this atalysiz the stable state of the conductor,
carrying o corrent a little greater than I, is pic-
tured as consisting of an outer shell of normally
Tesiative matal surrounding an inner core of metal
in the intermediate state, in which the magnetie
field due to the current 1= exactly critical. Since
at critical mapnetic field the metal can be either
superconducting or normally resistive, it is as-
sumed thet the intermediate core consists of layers
of superconducting material separated by layers
of resistive materisl, and that the thickness of the
layers is a funetion of the radive such that the
eurrent ‘will be distributed so ag to maintain the
critical value of the megnetic; field throughout the
c¢ore. This calls for 8 currant density inverzely
proportional to the redius, At the cntical value
of the current the intermediate core axtends to the
gurface of the wire and, as the current is incroazed
above the eritical value, the diameter of the inter-
mediate core shrinks, ceusing a rise in the measured
resistance.
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More recent experimental and theoretical inves-

/¥ tigations (see section VI) suggest that the simple

theory just outlined will not account for all the
resnlie, because the distribution of normal and
superconducting regions iz restricted by the surface
energy of the boundaries. Thus the pattern of
superconducting and normel regions, which satis-
fies the conditions described above, may he incen-
sistent with the surface energy requirements.

It is the relation between current and resistance
that iz the subject of the present investigation.
With one ezception, the published experimentasl
data give very listle information concerning the
ghape of the transition ¢urve. The exception is
& paper by Shubnikovy and Alexejeveki [4] who
found thet the critical current ceused the sudden
reappearance of sbout 0.8 of the normal resist-
ance in & tin wire immersed in belium I[. Be-
cayse of the marked digerepancy between this
result and ihat predicted by the simple theory,
it was considerad worth while in the present work
t0 mmake meazurements on wires of different diam-
eters and to conduct the experiments in such
a way that the effects of heating by the current
could be judged. Mleasurements were also made
on short sectiona of wire to see if the resulis ob-
tained on long wires were indicative of a funda-
mental behavior or were merely averages of more
random offects in different parcts of the wire,

II. Characteristics of the Specimens

The indium wires used for these experiments
were extruded at roomn termperature through steal
dies. A spectrochemical analysis of the indium
showed the major impurity to be iron of the order
of 0.1 weight percent. The superconducting
elements, lead, tin, and thallium were present in
amcunts less than 0.01 percent. Mercury was
not detected. Table 1 is & list of the dimensions
of the specimens, their resistances at rocm tem-
perature and the ratios of resistsncez just abova
the transition temperature to the resistance at
room temperature, Specimen la, s duplicate
of 1, wae included hecause this fine wire was so
fragile that it was feared thare wonld be deforma-
tion when tha specimens wers mounted. Acty-
ally both specimens behaved almost identically,
g0 results are piven only for specimen 1.

TasLe 1. Charavleritiica af the specimens
R
Bpesimen Diameater| Length | Bu'x Fw'n
mm R [ 1]
[ I 15 ar m (L 013
I crr e camawrranna s . 14 L1 ] .13
. .34 L1 - A 012
T iT N « 00
R i 05 ML k]
4 {pection 2. 106 N . 0pas _Da1d

III. Apparatus and Procedura

The cryostat used for this work consisted of a
soda~glase Dewar flusk for the liquid helium
f-cm inside dismeter, 26 cm deep, in 8 brass
jecket immersed in liquid hydrogen. The Pyrex
Dewar containing the Liquid hydrogen wos also
enclosad in & copper case, and this was immersed
in liguid eir., The hquid helium was produced
with a separate Simon-type expansion liguefler
provided with & transfer siphon so that the Hoguid
helium could be delivered directly into the cryostat
during the expansion. The helium produced in
a single expansion, 200 to 300 cm, waa so well-
protected against heat leak in the cryostat that
measurementa eould be taken for 24 hours or more,

The 47-tum specimens 1, 2, and 3 were mounted
horizontally on a frame of mica and wood and
wera supported by the current and potential
leads at each end, 20 that each specimen was in
complete contact with the liguid-helium bath,
The current and potential leads consisted of short
lengtha of indium welded to the specimen proper.
The current lends, of greater croas section than
the specimen, connectad to lead {PbY wires ahout
40 em long, which were coiled in the liquid helinm
bath. The wires [eading out of the bath wera
Nao. 37 AWG copper. The lengths of super-
conducting lead interposed between the copper
wires and the specimen prevented heat developed
in the copper from warming the specimens. The
horizontal position of the spocimens insured
uniformity of temperatvre slong the length,

Specimen 4 was o short length of indivm wira
provided with several potential taps spaced about
0.6 mm apart. The problem of obtaining elose
gpacing of potentizl taps withéut seriously distort-
ing the indium wire was solved by making two
grids, each conszisting of five seperate parallel
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platinum wireg 0.07 mm in diameter strung on &
mica frame and spaced about 1.2 mm apart. The
indium wire was laid across onc of the grids per-
pendicular to the platinum wires, and the other
grid was placed on top so that the platinum wires
made contact with the indium on alternate sides
at intervals of about 0.6 mm, thus making 20
potential taps. However, spurious potentisle
appeared between some of the potential leads
when no curtent wasz flowing, so not all of the taps
were usable. An examination of the specimen
under the microscepe showed a slight bending of
the indium wire, 15 or 20 deg, where the platinum
tape made contact, but the sections between the
contacts wore steaight. This specitnen was
mounted in the erpostat with the indium wire in
a. vertical position. ’

The diameters of the mdinm wires were
measured with a traveling microacope, using a
bright ficld. The method was checked by making
meagurementa on other wires of hard metal, which
could be mensured independently with micrometer
calipers, The aceurncy of the method was
eatimated to ba about 0.001 mm. The wirea wers
of circular eross section, as evidenced ky the {act
that different orientationsz showed the same dizme-
ter. Under ceriain types of lighting, very fine
grooves could be zeen on the surface of the wires,
probahly caused by imperfections in the dies.
Theese were estitnated to be of the order of 0.001
mm deep.
¢« Current was supplied to the specimens by a
60-v battery through a bank of rheostats ar-
ranged for fine adjustment. The specimen cur-

renta and potentials were measured with a Wenner

potentiometer. For very small potentiala the
potentiometer setting was left at zero, and
measurements were made by means of galvanom-
eter deflections, the sensitivity being of the
ord? of 0.0l uv. Temperatures were determined
by measuring the vapor pressurc of the bath with
A mercury manometer. No correction was made
for the hydrostatic presgure of the helivm above
the specimen. Constant temperaturz was ob-
fained by manual adjustment of & valve in the
helivm pumping line, according to the indications
of a differential oil-mapomater. The handlae of
the valve wae a brass bar about 80 cm long, which
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permitted fine adjustment. A constantan heating
coll at the bottom of the liquid helium bath, dis-
gipating 0.005 to 0.01 w, caused some stirring of .
the liquid and improved the constancy and umni-
formity of temperature. The temperature could
be kept constant to about 1 or 210 deg for
periods of 10 min. Changes in room temperatura
affecting the diffcrential manometer caused slow
drifts of hath temperature amounting to about
0.0 deg/hr. A coostant uniform temperatura
could be achieved very guickly after reducing the
pressure over the bath, but after incressing the
presgure it was hecessary to wait sometimes as
long as 30 min before accurate ohservations could
be made. The differentis]l manometer was slso
used to measure small changes of temperature,
such as those required in determining the normal
temperature-trapeition curves of the specimens.
All tempearatures were computed by means of the
vapor-pressure equation for helium I given by
Ligmae [5]:

m=—4.7821T'4+0.00783 F4-0.017601 T+
2.6730.

The earth's field was neutralized with a pair of
Helmholtz coils, 46 cm in diameter, swrounding
the cryostat with their axis parallel to the earth’s
field, Another pair of Helmholtz ceils of mean
diameter 24 em were used to produce a known
uniferm vertical field, in the region cccupied by
the specimens, for experiments on the restoration
of resistance by an externally applied field.

The measurements oo epecimens 1, 2, and 3,
and oocasionally 1a, consisted of determinations of
the normal temperature transitions with small
specitnen currents, and trunsitions with ineressing
and decreasing specimen current at four diffcrent
constant temperatuies below the normal transi-
tion temperature. Trancitions with increasing
and decressing specimen current were alao de-
termined for several sections of specimen 4.
‘When it was found that there was no appreciable
difference in the behavior of different sections of
specimen 4, only the data on sections 1 and 2 were
recorded,  T'sing potential taps about 3 mm apart,
measurements of the restoration of resistance by &
longitudinal magnetic ficld were made at three
different temperatures.



IV. Resulis

The normal trangition eurves for the threa wires
* of different sizes are shown in figure 1. The speci-
men current for each wirc was chosen to produce a
potential at normal resistance of 1 to Z pv, to
give reasonahle sensitivity for the resistance
mogsurements, The displacement along tha tem-
perature axisa of the ‘eurves for the larger wires
carrying the heavier currents is no doubt ceused by
the magnetic feld produced by the spacimen cur-
rent. The agreement of the three curves at the
top of the transition suggests that this is the most
reprodueible part of the trapsition curve and
ghould be considered the normal transition tem-
perature, The value thus obtakned, 3.408° K, is
somewhat higher than the values in the literature
for the nermal trensition temperature of indium.
The steep slope of the transition at 2 ma i grati-
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fying, because it shows that neither impurities
nor the polycrystalline nature of the specimen
were having much effect on the superconducting
propertiss.

The transitions obtained by incressing the
current through specimen 1 at four different con-
stant temperstures are shown in figure 2, where
the ratio R/R. is plotted as s function of epecimen
current. R is the variable resistance of the speci-
men, and &, is tha value of B measured just above
the normel tratigition temperaturs, or measured
in an externally applied megnetic field of grester
than critical intensity. It is seen that for each
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termperature there is a critical value of eurrent
that caunses the resistnnce to rise suddenly to
about 85 percont of the normal value. Fuorther
inerense of eurrent cauees a gradual riee of resist-
ance, the values of E/R, approaching unity at
high eurrents. The small resistance that appears

- at currents less then eritical is probably caused by

imperfections in the specimen. The results ob-
tained et diffarent temperaturas can be correlated
by plotting R/R. aa & fuaction of Fil., where I iz
any valuc of the specimen current and . is the
critiesl cewrrent.  In such & plot oll the data for a
riven specimen fall on a single curve. This is
gshown by the upper curve of figure 3, which
includes the messurements made on specimen 1 &6
the highest and Jowest temperatures. Data ob-
taited st the loweat temperaturs on epecimens 2
and 2 are also shown. Some of the current tran-
gition measurements were not plotted in figure 3,
berguse the crowding of pointa would have caused
confusion. Some of the observed pointz on
apeeitmens 1 and 3 were obtained with decressing
current as indicated by the arrowheads. At
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currents greater than critical, the resistance was  Tamce 2. Summary of the curreni-lransition dald on the
the same for inecreasing and decreasing currents, 4i-mm specimens
but when the surrent was reduced below the eriti- crttrel
cal value there was hysteresis, the resistance gpecimen | Dinmeter | | Spurer® e | AR e
remaining large wotil the current was about 35 e .
percent of the critieal value. However, the value m oK a reratede
of eurrent at which the drop in resistance occurred 5.3 ney | DR 484
wis by Do menns ae definite a8 the critical current 1o 018 paml el g bl
at which the rise of resistatice occurred; and, as EET BN . Bk 1. T
will be seen later, some specimens showed no sms | aea a4 .
hyateresis, The theoreticel curve shown by the — I 77T ﬁ'ﬁ L .8
. 1 - - H Tt 3 13 T ] 7.4
1I:lutt.ed lu%a iz a plot of the equation given in the B R o 014
mtroduction. -
Tabla 2 is & SUMMATY of the ﬂurrent-tmm_;it.iun , o a5 ig g Y ;::: ‘
mensurements on specimens 1,2, and 3. B, is the S B w2ttt eend 7 7.4p
value of B st the top of the sudden rise of resiat- el -7 1.8

anea. The last colomn gives values of the critical
field, H.=4I./10d, where I, is the critical current
in amperes and 4 is the diameter of the specimen
in centimetars.

The current-teansition data obtained at 3.340°
K on the short sections of specimen 4 are showt
in figure 4. ‘The solid curve is the same as the
upper curve of figure 3, representing the data on
the long specimen of equal dismeter. The devia-
tiona of the observed polots from the curve appear
t¢ be random and of such magnitude that they
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can be attributed to experimental eror. Tha
obviously poor accuracy resulted from the very
low resistance of the sections measured. For thesa
ghort sections there was little or no bysteresis
when the current was reduced, the resistance
dropping almost to zero a4 the current fell below
the eritical value,

Figurs 5 is a plot of the critical-field data. The
golid circles represent measurements of the restora-
tion of the resistance of specimen 4 by a longi-

565



(K] =
e
®
Br
]
$
%
2
O
o
¥ 1] 2 ) 1.6 (A 20
11,
Fiaumk 4, Current-fransilions of lwo seclions of apecimen
4 el 3.850% K,

3, Heotdon 1, length ui3 mm; £, seeblon 2, ktuglh 0,57 mm,

25

m
[a]

RN

Fisld , Darmlads
e}

[]

N

Crilleal

o
i

N\

0 N

azs A8 ARG LA 354 336 38 540 24P
Tamperalve YK
Fiaore 8. Oriticol fleld mearurements,

Vahues of the critleasl sxiarnal looglodinal Bald for speclme:n 4 Bre oompsntd
with valwes computed feom orftleal cnrrents. , Fleld aprdied externally:
Tk, fheld caused by arifloal corrent

tudinal, externslly applied magnetic field. The
other cireles represcnt the data on specimens 1, 2,
and 3 given in table 2, where the critical field iy
computed from the critical current and the diam-
eter of the wire, ‘The agreement is exeellent, the
data accurately conforming with the Silsbee
hypothesis and furnishing forther evidence that
the indium epecimens behaved as ideal aupercon-
duetors,  Also, the curve through the data passes
through the normal-trapsition temperaturs, 3.409°
K, obtaitied independently (zee lig. 1). As the
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data were distributed over a temperature range
of only (.14 deg, it was not considered worth while
to use an analyiical sxpression to fit the curve,
Attempts to measure the critical field by applying
it transversely werc not very successful, because
it was diffieult to decide the value of the field at
which the resistaoce reached the normal value.
Algo, the transition curves obtained werc greatiy
dependent upon the specimen current, aa may be
seen in Ggure B, These measuraments were taken
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Eviemnol Mognefic Fidd , Oartiids
Froure B. Hesloralion of resistance by an axternally oppliod
{ravaverse field
4 1 me; o, 10 ma; o, 50 m0n; o, 100 g

on an earlier epecimen of indium wire 0.106 mm
in diameter, 10 cm long, in the shape of & W,
mounted borizontally. The curves of figure 6 do
not agree with similar measurements by De Haas,
Voogd, and Jonker [6]; but, since they do not
have a direct bearing on the present investigation,
the matier waa oot pursued further.

V. Effect of Heat Produced by the

Specimen Current

It 15 important to determine whether or not the
temperature of the specimen is raised by the cur-
rent.  If there is appreciable heating, the tempera-
ture of the specimen may rise above the tempera-
ture of the bath when resistance appears. If this
happened, part of the sudden rise of resistance
could be atiributed to a temperature chanpe. The
mest direet evidence that heating effects are neg-
ligible is the fact that the initial rise of the re-
sistance of 4 given specimen iz independent of the
critical corrent. ‘This is seen in figure 2 and table 2,
The power diesipsicd in & given wire varies by a
factor of 6, without a significant difference in the
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initisl rise of resiastance. Actually this result might
hawe been predicted hecause the powar dissipated
i8 very small, varying irom & minitmure of 7 pw
cem~" for the largest wire at the highest tempera-
ture to a maximum of 270 pw em 2 for the smallest
wire at the lowest temperature. The greatest
power, 270 pyw em~? would cause the svolution of
vapor bubbles in the liquid hellum amounting to
only about 2 mm® per second per cin® of surface
at the prevailing pressure of 300 mm Hg; so it is
not surprising that the temperature of the wires
is practically unaffectad.
VI. Discussion

Some conclusions that may be drawn concerning
the dats, just presanted are as follows: '

1. The indium used aceurately obeys the Silsbee
hypothesis.

2. The resulis on the destraction of supercon-
ductivity by current are definite and reproducible.

2. For-z wire of piven zize, B/R. is a function
of FiI. only and is independent of temperature
over the range covered by the experiments.

4. Ii the intermediate state of the wire is
assumed to ¢ongist of definite regions of normal
and superconducting material, the experiments
on the short sections of specimen 4 show that the
structure is fine grained compared with a length
of 0.6 mn,

5. The volue of BEfE. at ecritical ewrrent is a
rather weak function of the diameter of the wire
and is smaller for the larger wires.

@. For the wires usad in these experiments the
fraction of the normal resistance, restored by cur-
rent equal to or gregter than the critical corrent,
is considerably larger than i3 predicted hy the
theery of Langevin.

Tondon |7] has suggested that the capse of the
diserepancy between the results of the present
experiments and those predicted by the theory
lies irfthe nature of the intermediate state. He
8, 9] describes the intermediate state a8 consiat-
ing of finite regions of normally resistive material
interspersed among other regions of superconduct-
ing material. The size and shape of these regions
are influenced, not only hy such considerations as
were the basis of the apalysis given by Silshee,
but slso by the surface energy (10] of the boun-
duries separafing supcrconducting and mnormal
metal. Landau [11, 12, 13], in extending thec
theory, made predictions as to the sizes of the
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regions; and Meshkovsky and Shalnikov [14] bhavs
made messurements of the magnetic field distri-
bution in the intermediate state for massive tin
hemispheres, finding regions of normal and super-
conducting metal of the order of 1 mm in thick-
ness in the moneerystalline specimens. Shoenberg
i15] dizcusses similar effects in considering the
problem, of the restoration of resistance in super-
conducting cylinders by a transverse magnetic
field, As far as iz known, there has besn no
theoretical treatment based on Landau’s theory
for the restoration of resistance by current.

It iz probable that the distribution of normai
and superconducting regions required hy the
gitnple theory is inconsistent with the surfece
enargy raquirements. For example, the extremely
thin regions of normal metal near the center of the
wirc, separating other regions that arc supcrcon-
ducting, may be energetically invalid, and & mini-
mum thickness may exist. This would make a big
difference in the Tesistance of o fine wire in the
interntediate state, but for very large wires the
effect would not be so important. To {urnish sup-

‘port for this ides, an attempt was made to find an

empirical relation between the wire diameter and
the resistance, K., at eritical current, which would
be consistent with the observations and would give
the value R /B,=¥ for very larpe wiree. Aleo it
seems reasonable that such & relation should yield
the valve, B /R, =1 for very fine wives. A relation
thet satisfles thess conditions and fits the data

zery well is
In(—g}%— 1)= — 4.

A plot of thix fupetion is shown in figure 7. The
w
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curve represents the mathematieal expression, and
the short vertical linea represent the four obsarva-
tions on ench of tho three specimens 1, 2, and 3, as
given in table 2.

It is recognized thai the meager data furmish
very flimey support for the empiries! relation. The
real object in obtaining the equation was to demon-
strate that the data are not in disagreeiment with
the idea that the walue B /R,=% may be ap-
proached with specimens of large diameter.
Mensurements on much larger wires would he
required to establich experimentally & relation that
could he accepted with confidence. If the relation
given iz approximately correct, the wire shounld
have a diameter of 2.6 mm, or about-gevan times
the diamater of the largest wire used in the present
experimenta, to give a value of 0.6 for /K. This
would call for specimen currenés an order of mag-
nitude greater than thoze uzed for apecimens 2 and
3. The experimental arrangement used in this
invertigation did no& permit the use of such large

currentsa.
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