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The critical current densities in planar superconducting films of tin and indium were deter-
mined as a function of temperature by using a new method. An alternating current in a flat
ribbon-shaped drive loop was imaged in the superconducting film. Both tin and indium films
were deposited at 80 °K and were annealed to temperatures between 80 and 180°K. The tem-
perature dependence of J,(f) was found to be (1 -)en +t2)1/2, where o =1, 23 for tin and ¢ =1.16

for indium.

I. INTRODUCTION

Several attempts have been made in recent years
to measure the critical current density of thin
superconducting films. 1=% The results of different
experiments generally disagree both in magnitude
and with respect to the temperature dependence of
this current. Theoretical studies indicate that the
temperature dependence near 7, should be
(1 -¢)3/2 10713 Amplitudes are predicted to be
typically of the order of 10°~107 A/cm? in vacuum-
evaporated thin films near absolute zero. Depend-
ing on the particular experimental arrangement
as well as on sample preparation procedure, ex-
perimenters have measured temperature depen-
dences ranging from (1 - #)*® to (1 - £)*® near
T,.*'" Magnitudes have generally been low com-
pared to theoretical estimates, except for those
of Glover and Coffey® and Hunt.® These authors
report excellent agreement with theory near T,
but they disagree on the form of the temperature
dependence at lower temperatures.

The difficulties with this type of experiment can
be traced to essentially three different causes:
inhomogeneities in the sample, heating via contact
resistance if the current is injected rather than
induced, and problems connected with the current
distribution. Both inhomogeneities and external
contacts are expected to lead to the same effect;
the development and propagation of heat in isolated
areas which may spread to destroy superconduc-
tivity before the critical density characteristic of
most of the material is reached, If the supercon-
ducting sample is in the form of a flat strip, or,
equivalently, in the form of a thin film ring
carrying an induced annular current, instabilities
may be expected from the nature of the current
distribution alone, for in these cases the current
peaks in the edges where the film is most nonuni-
form.

We have performed some critical current mea-
surements on tin and indium which largely avoid
the above experimental complications. The crit-
ical current density is induced in a thin film as
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the image current of a flat ribbon shaped in the
form of a closed loop. If the film and the loop are
properly dimensioned and the loop is positioned as
closely as possible to the film, then one has a
situation in which the highest current density oc-
curs well away from the boundaries and once more
is reached without the need to attach leads to the
specimen. We have also paid particular attention
to the sample preparation procedure. Be it said
at the outset, however, that we did encounter a
serious Ijroblem which we believe is connected
with the metastability of the superconducting state
in our experimental arrangement,

II. EXPERIMENTAL DETAILS

The cryostat used for these experiments is
shown in Fig. 1. It consisted of a conventional
glass liquid-helium cryostat (bottom section), an
evaporator (middle section), and a liquid-nitrogen
cryostat (top section). The liquid-nitrogen Dewar
could be inserted into the liquid-helium Dewar be-
low through the double O-ring seal above the evap-
orator. This arrangement allowed making the film
in place, permitted subsequent annealing over any
temperature interval between 78 and 350 °K in
high vacuum and finally made it possible to mea-
sure its superconducting properties while in con-
tact with liquid helium. The system could be
pressurized slowly with helium gas while keeping
the temperature of the film below 80 °K. Mag-
netic shields reduced the external fields by a fac-
tor of 1075, The shields had a maximum self-
field of 80 ¥ perpendicular to the axis, which was
found not to interfere with the critical current
measurements.

A ’1000-cps alternating current signal of tri-
angular wave form was applied to the gold loop,
the “drive coil,” shown in Fig. 2. This current
was imaged in the superconducting film. The
substrate supporting the film formed a window in
the copper substrate holder through which the
drive coil could “see” a pickup coil which was
mounted directly behind the substrate. A microm-
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eter-controlled feed mechanism served to move
the drive coil into position over the film after the
evaporation, As the peak-induced current in the
film became critical at a given temperature, some
magnetic flux penetrated the film and was detected
by the pickup coil. Both the pickup signal, after
amplification by a Keithley Model 103 low-noise
amplifier, and the input current, as indicated by

LIQUID NITROGEN VENT ——M =%

LIQUID HELIUM FILL

SUBSTRATE HOLDER
DIFFUSION PUMP LINE

SUBSTRATE

| =

the voltage drop across a 1-Q resistor in series

with the

drive coil, were displayed on a dual beam

oscilloscope. The first appearance of a signal on
the pickup coil, a small spike (see Fig. 3), was
taken as the criterion for the critical current

state of

the film,

The minimum detectable magnetic field through

the film

Tawe

at 1000 cps, as determined by the mini-

~— LIQUID NITROGEN FILL
] «————— MICROMETER DRIVE

FOR FIELD COIL

~——NITROGEN CRYOSTAY SUPPORT

EVAPORATOR
3
/ WATERCOOLED OVEN

VERTICAL
SHUTTER

DRIVE

75#
H

TO MANOMETER

7L

77

777777

7

FIG. 1.

(UZ

[

TO MANOSTAT
AND PUMP

\—HEAT EXCHANGE GAS

HELIUM DEWAR

TITITITITT

MAGNETIC SHIELDS

Cryostat.



| -

DRIVE COIL

GOLD ELECTRODES

1 & 4 - CURRENT LEADS
2 & 3 - POTENTIAL LEADS

DRIVE COIL
POTENTIAL LEADS

CRITICAL CURRENTS IN SUPERCONDUCTING Sn AND In 4297

FILM STRIP
(1/16 in. WIDE x 7/8 in. LONG)

MAIN FILM
(3/4 in. WIDE x 7/8 in. LONG)

SAPPHIRE

DRIVE COIL CURRENT LEADS

FIG. 2. Drive-coil assembly with evaporated films.

FIG. 3. Oscilloscope traces of the pickup signal and
the applied current waveform (the triangular wave), at
1 ke/sec, for tin and indium films annealed to tempera-
tures below 200°K. The applied current amplitude is
just supercritical (by <1%). Pickup signal: 10 mV/cm.
Applied current: 200 mA/cm. Each large division=1
cm.

mum detectable pickup voltage, was 2x107% Qe
peak to peak at an input current of 2x 1073 A peak
to peak. The minimum detectable pickup voltage,
conveniently defined here as twice the background
noise voltage on the scope (Tektronix 502A) was
in turn determined by the following dimensions
and relative position of the drive coil and the pick-
up coil. The drive coil consisted of a 7-mm-mean-
diam by 1-mm-wide gold loop. A typical distance
between the drive coil and the film was 0.4 mm,
The distance between the film and the center of the
pickup coil was 6.4 mm. Maximum coupling be-
tween the coils was obtained for a pickup coil
4.8 mm long by 2.4 mm i.d. by 8 mm o.d. Sev-
eral hundred turns of No. 38 copper wire yielded
a pickup coil self-inductance of 800 pH.

Between 77.3 and 180°K, the temperature of
the film was measured with a copper coil ther-
mometer. In the helium temperature range the
temperature was inferred from the vapor pressure
of the bath, with an estimated accuracy of 3 X 10°3
°K. It was found convenient to measure the tran-
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sition temperature magnetically by slowly lowering
the temperature of the film through the transition
while looking for the appearance of a small dis-
tortion in the normal-state square-wave pickup
waveform at the zeros of the applied current, The
applied current level for this measurement was
set at 50 mA peak to peak, corresponding to the
critical current at 7,— T~ 0.01 °K. It was found
impossible to locate the transition within less than
AT=0.01 °K by making critical current measure-
ments in this temperature interval near 7,. At
T,- T=0,01 °K the penetration depth increases
rapidly and the current distribution spreads into
the boundaries of the sample,

The lower end of the temperature interval
spanned by these measurements was fixed by the
power dissipated in the drive loop. The drive
loop was cut out of 0. 001-in, -thick, 99.99% pure
gold foil, and its resistance was <107* @ at 4.2 °K.
A 0, 2-mm-thick sheet of Mylar served as thermal
insulation between the loop and the film. The
measurements were terminated at a peak input
current of order 1 A, Depending on the film thick-
ness, the residual resistivity of the film, and the
separation between drive coil and film, this limit
implied that a temperature interval of 1-2 °K
was covered. From the input current amplitudes
and the milliampere pickup sensitivity cited above,
one infers that, except perhaps for the first point
near T,, the accuracy with which the critical drive
coil current could be measured was determined
by the accuracy with which the corresponding
voltage on the scope could be read, +1%.

The substrate consisted of a sandwich of 1.5 mm
of sapphire and 1 mm of microscope glass bonded
together with a thin layer of RTV cement (RTV-
112, General Electric Co.). The sapphire pro-
vided an essentially isothermal surface behind the
glass during the evaporation of the films, The
finished sandwich could be cleaned easily with
detergent in an ultrasonic cleaner after preclean-
ing with chromic acid. Final cleaning was done
with a vapor degreaser operating with isopropyl
alcohol. The substrates were mounted in a dust-
free enclosure and the surfaces were treated with
a film of collodion just before closing the shutters
of the heat shield.

Tin (99. 9999% Vulcan Detinning Co. ) or indium
(99. 9999% Comico Co. ) was evaporated from
tungsten filaments onto the glass surface of the
substrates held at 80 °K in a vacuum of 10" mm
Hg and at an average rate of 50 A/sec. During
several experiments a film of SiO was evaporated
first. After the evaporation of the metal, the
films were annealed to some temperature below
180 °K in a vacuum of 10-" mm Hg. In some cases
they were immediately cooled to helium tempera-

tures. After the first critical current run the film
was allowed to warm up to a temperature near
180 °K in a vacuum of 5x10~% mm Hg. Subse-
quently, the critical current of the annealed film
was measured. An annealing record correspond-
ing to one of the films in Table I (T, =4.171 °K,
T, =3. 865 °K) is shown in Fig. 4, Resistance
measurements were made on a simultaneously
deposited auxiliary film strip shown in Fig, 2.
The large length-to-width ratio of the auxiliary
strip was required for reliable resistivity esti-
mates (Table I).

Film thicknesses and uniformity were mea-
sured interferometrically. In order to obtain
uniformly thick films the distance between the
substrate and the evaporator was generally 20 cm.,
Left-right uniformity was improved by using two
filaments side by side, and vertical uniformity
was improved by closing the shutter across the
beam from top to bottom. The films were found
to be uniform within 10%.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The temperature dependence of the critical
current density was obtained by fitting the expres-
sion J,(T) =01 — 121 + 32, t=T/T,, to the
experimental data, Critical current densities
were derived from the experimentally measured
critical drive-coil currents I,(¢) with the aid of a
theoretical relation of the form J,(¢) = a(t)I,(¢) (cf.
Appendix), where the coefficient a(¢) describes the
spread of the current distribution in the film,

With a =2, J,(¢) has the Ginzburg-Landau tem-
perature dependence. Other temperature depen-
dences were tried: (1-#2)%/2, (1-¢)°%/2. Neither
one of these nor (1 - #2)3/2(1 +#2)'/2 gave a good
fit to the data over the whole temperature interval,
It was decided therefore to determine the exponent
a and the coefficient J o by means of a two-param-
eter least-squares fit. Upon varying the transition
temperature slightly in steps of 0. 001 °K in the
neighborhood of its measured value, it was found
that the mean-square error would go through a
minimum. The value of T, at the minimum was
usually within - 0, 005 °K of the measured transi-
tion temperature and this value was used in the
final expression for J,(f). The quantities a, T,
and J,4=2%%/27 . are entered in Table I. Plots
of the corresponding expressions for the critical
current densities of two of the films in the table,
tin, T,=4.215 °K, and indium, 7T, =3. 824 °K, to-
gether with the data points, are shown in Figs, 5
and 6. The quality of the fit varied only slightly
from film to film with a minimum in the mean-
square deviation at the annealed indium film, T,
=3.559 °K, and a maximum at the unannealed in-
dium film, 7T,=3.778 °K. With the exception of
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TABLE I. Compendium of data on tin and indium films deposited at 80 °K and annealed to temperatures below 200°K. The symbols are defined in the text.
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HFHWW G o0 was warmed up to D along CD and was annealed to E.
It was then cooled to F, Tr=3.865°K for the second
critical current run below Tp. See Table I, entries 3
29288888 223® and 4,for additional data on this film.
o - - ~ ~ -
E § E § § g § § § <§ § the last tin' film in ‘th(-? table (see below) the expo-
I I I I I I nent.s fo? tin are w1th}n 5% of the mgan‘valué 1.23.
Again with the exception of the last indium film
(see below), the exponent for indium is 1. 16,
N NN NRD © © v ® R A
NN AN =B B ] When J, (¢) is extrapolated to the neighborhood
o - - . .
of T,, it becomes possible to compare the new
constant J,=J,02% /2 in J(£) 2 J, o(1 - #)* with
the corresponding constant in the theoretical ex-
5R8IRIB| 23583 pression J,(t) =Jo(1 - £)*/ 2 given by Maki'® (only
oA AN N Do approximately so, since the measured exponent
#3). Maki’s value for Jeor = 0. 37xH(0) (Ay/
po%)Y?is entered in TableI. [H(0) is the thermo-
“H 0o o N © o © ® dynamic critical field at T'=0, p, is the residual
2RITIen| 2se resistivity, Ag=1.75 k5T, kj is the Boltzmann
constant. The form of J'" follows from the one
given in Eq. (23) of Ref. 13;
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23958583 28883 I == = (ﬁ ) (-2
O D> © 0 W W Qo 2 2] 2 F
by making the simple substitutions Ay=1."75 k3T,
VeT=los and mVa/ne?=1g; po =107 Q cm? ] The
measurements are seen to be low by a factor = 2.
Values of J, in J, (¢) near T, derived from the
AARB8LAE| I3¢$8 Ginzburg-Landau'! form
o - N - - = = &
g JcGL(t) ~(1- t2)3/ 2(1 +t2)1/2
A 3 1
& K| and from the Bardeen' form
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are larger than J%°°" given by Maki; J5%°°"=0.26 J,,
(Bardeen) =0. 34 J,, (Ginzburg-Landau). Hence
the discrepancies between these latter estimates
and our results are correspondingly larger,

Inserts in the figures give experimental and
theoretical ratios of the critical current ampli-
tudes before and after annealing. Theoretically
the amplitudes should scale as

[(Tclett )1/(Tclett)2] 1/2;

where 4, is the electronic mean free path, which
was estimated by using the measured residual
resistivity in pyl, = poless Where p,l, =1, 05x 10" 1

Q cm? and (1.03+0. 23)x10™** @ cm? for tin™* and
indium, ® respectively. As the inserts show, the
experimental ratio of the critical current ampli-
tudes before and after annealing was low compared
to the predicted value. That this was true in gen-
eral for these films may be seen from the ratio
JE /T Heor in Table I J5®t/J 5" decreases with
annealing to higher temperatures, (Tin films Nos.
5-7 were all separate films and hence cannot be
compared, ) This result might be interpreted to
suggest that the critical current amplitude depends
less strongly on the electronic mean free path than
is implied by the above theoretical ratio. However,
the percent deviation of J&*! from the theoretically
predicted value varied, and hence an equally plau-
sible explanation of this observation would be that
some structural changes occurred in the films
during annealing which did affect the critical cur-
rent but did not show up strongly in the residual

Jo 0y1)/ 4o (T2)
EXPERIMENT  THEORY

1.20 1.37

FIG. 6. Critical current density
of an indium film condensed at 80 °K
and annealed to temperature T,. Data
on this film are collected in Table I,
entries 8 and 9.
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resistivity, Even though these films had been
annealed to temperatures below the critical tem-
perature for agglomeration, 200 °K, some struc-
tural inhomogeneities may have developed between
runs, In the case of tin, discontinuities in the
substrate surface due to surface flaws or dust have
been observed'® to develop voids in the film upon
annealing to temperatures below 150 °K, This is
assumed to be equally true for indium. In partic-
ular, it may explain the low values of Jy and o
observed for the last indium film in the table,

The last entry for tin in the table illustrates
the effect of a particular kind of substrate surface
defect on the critical current density. Both J
and @ are below average for this film. In general,
when polished substrates such as quartz or sap-
phire were used, the critical currents were al-
ways much lower than those indicated in Table I.
Tin in particular “decorated” the polishing scratch-
es like any other discontinuity, probably to some
extent already during deposition. For this reason
surfaces containing line discontinuities like the
polishing scratches on the best available sapphire
or crystal quartz plates (polished to 1 u in. optical
flatness) could not be used for these experiments.
Not even a film of 5000 A of SiO was effective in
smoothing the polishing scratches on such a sap-
phire plate, as demonstrated by the results for the

last tin film in Table I.
The measurements were complicated by flux

trapping. However, trapped flux showed up as an
asymmetry in the pickup waveform and was there-
fore easily detected. It could be removed by
either heating the film above its transition temper-
ature after every measurement or by momentarily
moving the drive coil to a different position over
the film. The resulting slightly changed interac-
tion of the trapped flux with the field of the drive
coil was often sufficient to dislodge this flux and
effectively eject it from the film.

The critical current amplitude depended strong-
ly on the relative position of the drive coil and the
film for most of the films. Even if the coil was
moved in the vicinity of the center of the film, the
critical current amplitude fluctuated. The ampli-
tude variations were studied carefully in several
experiments. We concluded that they were simply
due to sample defects in the current path. The
current distribution in the films is unstable in this
experimental situation and hence is expected to be
especially sensitive to sample defects. The cur-
rent density given in this work is therefore the
maximum critical current density attained in each
sample. The possibility that there was some
residual interference with the critical current
state from microscopic and submicroscopic struc-
tural inhomogeneities even at the position of max-
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imum critical current cannot be ruled out.
IV. INTERPRETATION AND CONCLUSIONS

We put our work into perspective by briefly com-
paring it with related critical current measure-
ments. In experimental situations in which the
change in magnetic field energy at the supercon-
ducting transition is comparable to the condensa-
tion energy plus the kinetic energy of the super-
conducting current, essentially two difficulties
arise. If the film is evaporated in the form of a
cylinder and if an external current is directly in-
jected, then there are not only electrical contact
problems, but because of thermal contact problems
during evaporation an inhomogeneous and coarse-
grained film structure may result.? If the film is
simply a long strip which might be of order mil-
limeters wide, then the maximum current densi-
ty occurs in the edges where the film is most non-
uniform. Nevertheless, large critical current
densities which are in complete agreement with
Bardeen’s expression for

JB(t) =1 H,(0) (6Ay/7) /2 (1 ~ £7)3/2

have been measured with the latter arrangement?
Looking back at the discussion in Sec. III shows
that these critical current densities are roughly
eight times larger than the ones obtained in the

present experiment. It might be pointed out, how-
ever, that the conversion from currents to cur-

rent densities in Ref. 6 involved a large and only
approximately known geometrical factor. The
possibility that fluxoids had entered the film before
the critical current state was reached can also not
be excluded.

If the experimental arrangements are such that
the change of magnetic field energy at the transi-
tion dominates the total energy change, an addi-
tional complication arises from the metastability
of the superconducting state. Experiments using
a thin film cylinder in an axial magnetic field, as
well as our own experiment, suffer from this dif-
ficulty. Since the superconducting cylinder is the
thin film strip doubled back on itself, experiments
on cylindrical films in axial fields also suffer from
the edge problem. A rough estimate of the densi-
ties to be expected in such an experiment, using
the data given in Ref. 5, shows that the measured
densities are low by a factor of 7 compared to
Jf(t). Hence they are of the same order of mag-
nitude as those measured here. In spite of these
rather low values it has been argued elsewhere?!®
that the metastable limit, or the depairing maxi-
mum in the current density, !* was indeed reached
in that experiment. With respect to our own ex-
periment we hesitate to make this assertion.
Rather, we suggest that the critical current tran-
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sition may have been masked to some extent by
the metastability of the superconducting state of
the film in the field of the drive coil. The depair-
ing maximum of the current density may not

quite have been reached. Our interpretation of the
amplitude variations of the critical current with
relative position of drive coil and film agrees with
this point of view. The observation of different
temperature dependences of the critical current
in tin and indium and the fact that the exponent in
(1 -£)* was observed to be smaller than the theo-
retically predicted value of 1.5 for both metals
further supports this conclusion.

All of these experimental problems can be elim-
inated in principle with the use of a superconduct-
ing thin film bridge which is only of order microns
wide.® In addition, current density gradients
(present in our work) and gradients in the order
parameter transverse to the flow momentum,
which would increase the energy in the supercon-
ducting state through |Vl 2 are largely eliminated
with the “bridge method.” If such a bridge is
narrow enough the critical depairing maximum can
be reached before the self-field of the current be-
comes large enough to form fluxoids which just
fit inside the bridge. Current densities measured
with this method fit the Ginzburg-Landau expres-
sion for

JEL(t) = (2)3/24 H,(0)

A5) - e
rather well. They are therefore roughly by a
factor of 6 higher than those measured in this
work. It also follows that if this latter work is
taken to be the most definitive statement on these
experiments, then Maki’s estimate of the crit-
ical current density near T, may be somewhat low.
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APPENDIX

The coefficient a(#) in the relation between J,(¢)
and I, () given in the text was derived in first ap-
proximation to the electromagnetic boundary value
problem corresponding to this experimental ar-
rangement. We write the Ginzburg-Landau equa-
tion for the vector potential inside the film in first
approximation:

VX VXA =[92/2%(1)] A

| =

zp% is constant throughout the film and is strictly
equal to unity in this approximation. However,
according to the nonlinear theory for current flow
in an infinite thin film superconducter, 2 should
be =2 at the critical point.** A better estimate of
X at the critical point would therefore be Xgge=X V3.
We make this correction in calculating J,(¢). Note
also that i, is real here, corresponding to a sit-
uation with no flux quanta inside the film.

Solving the problem in cylindrical coordinates
with the center of coordinates at the center of the
film and the z axis normal to the film and con-
centric with the axis of the drive loop atz=+2z, a;
>v2a,, Yyields

7=, 7,08= -8/ [ J; I aa)

xJy(rqle ** Q(z,d, B, q)dgada ,

where I is the input current, W is the drive-coil
width, d is the film thickness,

Q(z,d, B, q) = {B%(q) sinh[(g® + 84"/ *(z +4d)]
+B(g) cosh[ (g% + B %(z + 3)]} /
{[(B(g) +1)] sinh[d(¢? + %) /?]
+2B(q) coshld(q®+ 842},
Ba)=q*/(@*+B?), A=(z0-%d),
B=1/2gg5(t) .

Now consider the case ¢/f< 1 and 10~°sA <1072
cm, which is not a significant restriction. The
response current density of the film is then given
by

g [ ®
J:—Wﬁ/‘;1 adaj; J(qa)d (g7v) e 4

y gl cosh(z +3d)B] /sinhdp
1+(2g/B)coth(dB)

neglecting terms of order (g/ B)2. Im order to
facilitate the integration we replace the fraction
1/[1 +(2¢/B) cothdB] by

exp[ - (21n2)(q/B) cothdp] .
These two expressions are equal at
q=10, B/2cothdp} .
Note that for
q2B/2cothdp

dq ,

or for ¢/B=1 the exponential e “?4, and in any case

the Bessel functions, will reduce the integrand to
zero. Hence writing

1B cosh[ (z +3d)8]

WsinhdpB
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Xffadaqqul(qa)qu?’)e'“Y ,

where Y =A+[(21n2)/B]cothdpB ,

one obtains

Qi/2(r)
7= [ ada o e

2 a’+7r2+Y?

where ¥y°= 2ar
_ IBcosh{(z +3d)B]
and P=- Wsinhdp

and @} /2(¥) is the Legendre function of the second
kind. This function may be expressed in terms of
complete elliptic integrals, K and E:

J= _pfaz ada [Y/n(ar)*'?]
@1

X (k/4k'%)[2k'%K - (1 +R"®)E] ,
where EZ=[4ar/Y%+(a +7)?]
and R'2=1-%% .

It is of interest to consider the limiting value of
this integral as a, »>Y and a =». In that case
%*~1 and £'%~ 0. Expanding K and E near %’%= 0,
one has

J= —Pj:z ada (Y/27) [B/(a7)3'?]

X[ -1/26'% +3 (x -3) +O(x2'))] ,
where x=1n(4/k’), and substituting the values for
the parameters % and 2’ one obtains

2 _Yda v (@+r)®
J=-P'/';1 mr(a +7) <_§m+a{[un4

-1) -1 1[Y%+ (@ -7)?] +1n(a “’)]})

Here Y%+ (a +7)%~ (a +7)% has been used. Since the
terms containing (g +7) vary little, we set (a +7)
=27. Introducing new variables

S=EY/3W, x=(a-v)/3W, z=v/3W ,

we integrate to obtain

J=—P[ (Ind - £

1 332) -1
+1T<1 +§g tan
3 x3+s® x2+sa)]

* 16122 (len (227 ~ ¥ g7 )]

where %y 5=(a;,2—7)/3W. Keeping in mind that

s=~1 and z= 10, we see that the current density is
equal to

2s
XoX1+S
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I IB cosh|(z +3d)8]

W  sinhdB

wYy
(@as-rYa,-7r)+¥% *

><lta.n'1
m

The neglected terms give corrections of order 10%
to J owing to the finite drive-coil radius. The
term kept is the solution for the infinite strip line
over a superconducting thin film ground plane; it
is the only term which does not go to zero in the
limit a=» -, Finally, the last expression for J
may be written

I coshl(z +3 d)/Xgps(2)]

JI(x, 2, t)= WO sinh[d/X 4g¢(8)]

1 -1 WY (t)
X tan <x2+Y2(t)-(%W)§) ’

wherex =3(a;+ay)-7. J(x, z, £) has a maximum at
(z, x)=(3d, 0) and we define a(t) by

I max(t) =a @),

a(t)_cothld/xm(t] 1, _1< WY (t) )

W op4(2) Tf YA(2) - (%W)E

a(t) turned out to be =~ 0. 6/Wd throughout the whole
temperature interval covered by the measurements.
Now Jpa() =J(¢) for I=1(2), i.e.,

I () =alt)I,¢) . (A1)

The calculation has been given in some detail in
order to exhibit the approximations made to obtain
Eq. (Al). Without going into detailed error esti-
mates we merely note that the approximations de-
pend on A <A=~}W/<aq,7 and that these conditions
are indeed fairly well satisfied in this experiment.
The real limit of accuracy of the experiment may
lie in the measurements, by virtue of the metasta-
bility of the superconducting state — not in formula
(A1),

In conclusion it should perhaps be pointed out as
a matter of some independent interest that one is
dealing in these experiments with a situation of
strong magnetic field attenuation. Even though our
films are much thinner than the penetration depth
Aoe, the magnetic field anywhere behind the film
is smaller by at least a factor of 10~3-10 "* com-
pared to the strongest fields in front of the film.
The fields inside the film may readily be derived
from the expressions for J(x, z, t) given above. A
general discussion of the magnetic shielding
strength of thin-walled superconducting shells has
been given elsewhere. !’
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Ultrasonic Attenuation in Dirty Superconductors
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Experimental support for the theory of the attenuation a of ultrasonic waves in dirty super-
conductors has been obtained with 10-GHz longitudinal waves in mercury-indium alloys. o
varies as Hy,— Hnear H, and the slope Aa/AH has the predicted value.

The ultrasonic attenuation in clean second-
type superconductors versus biasing magnetic
field H has been studied theoretically’ and ex-
perimentally2 in the vicinity of H,. It varies as
(Hz, - H)'/?. T a dirty superconductor, the the-
ory® * predicts a linear variation versus AH
=H,—H.

The aim of this paper is to report on experi-
mental results which confirm this theory.

This theory has been developed within the fol-
lowing hypothesis: The mean free path ! of the
electrons is small compared to the coherence
length £, the electronic Green’s functions are
supposed independent of H because w.l < vg, and
the gap A(#) on which they are dependent is slowly
varying on distances of the order of (1£g)'/% the
correlation functions of the electronic density are
completely screened when the ultrasonic fre-
quency w is lower than the plasma frequency.
These conditions are satisfied in our experi-
ments.

If the two subsidiary conditions A(7) <#kT,
and 7w <7kT, are fulfilled, in the neighborhood
of H,, the attenuation ag for longitudinal waves

in the supraconducting phase is given by

asH . 1 e [1+L(p)]
ZN =1- 47 oa B[2KUT) - 1] 1, (He=H) . (1)

In this formula, o=Ne?r/m* is the electrical con-
ductivity; a=3vZTeH,(T) o p is defined by
p=a/21kT; L(p) is a function tabulated in Ref. 3;
B=1.16; and K,(T) is the second parameter of
Landau-Ginzburg defined by Maki (Ref. 5); the
ratio K,(T)/K has been calculated by Caroli et al.
(Ref. 6) where

2mm *

Kg_( 3Ne 2
“\27%07)  ugky
3m™*3

with C(1)= 4RO INT5 2

145 (3)

——5 16(3)=——7" C(r)

Formula (1) may be written in the more com-
pact form

Oy —Qs _ AQ(H) _ AH
ay oy =AM H(T) @
with
A(T) = 3 Ne 1+ L(p) _C('r) 1+ L(p)

4mBu, oCvim* 2Ky (T) -1 Bu, 2K3(T) -



FIG. 3. Oscilloscope traces of the pickup signal and
the applied current waveform (the triangular wave), at
1 ke/sec, for tin and indium films annealed to tempera-
tures below 200°K. The applied current amplitude is
just supercritical (by <1%). Pickup signal: 10 mV/cm.
Applied current: 200 mA/cm. Each large division=1
cm.



