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We have compared the superconducting transition temperature, T„of indium foils about 6 p, thick with
that of an indium wire of diameter 250 p. The foils were cold-rolled and then carefully annealed. At low
temperatures the electron mean free path in the foils was primarily determined by scattering from the
boundaries, as indicated by measurements of their residual resistivity. The transition temperature of the
foils is lower than that of the wire by small but measurable amounts which agree with decreases in T, found
in experiments with impure indium specimens of comparable resistivity. We conclude that the present
measurements give additional support to the idea that limiting the electronic mean free path in indium
results in a decrease in transition temperature independent of the mechanism determining the free path.

INTRODUCTION AND DESCRIPTION
OF THE EXPERIMENT

' PREVIOUS measurements at this laboratory have
shown that the critical temperature of tin, indium,

and aluminum is decreased when the normal electronic
mean free path / is limited by impurity scattering''
and by mechanical defects. ' The effect has also been
observed in quenched tin containing dislocations, 4 in
tin irradiated by electrons' and by neutrons, ' in dilute
solutions of tin and of indium in a number of experi-
ments, v ' and in impure tantalum. " We have now
made measurements on thin foils of very pure indium,
in which the electron mean free path is limited by
scattering from the foil boundaries.

%hen one looks for possible size effects on T„ it is
important to use specimens which in every respect
other than size have the properties of well-annealed
and homogeneous bulk material. This is generally not
the case for evaporated films, colloidal particles, or
whiskers. Lock" as well as Ginsberg and Tinkham"
have reported values of T, for very thin evaporated
indium films as high as 3.88'K, compared to a value
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of 3.41'K for bulk material. Increases in the critical
temperature of cold-worked foils and evaporated films
have also been found by Von Minnigerode" in a number
of elements. More recently Toxen" has investigated
this rise in T, systematically with a series of evaporated
indium films between 650 and 35 000 A, and has found
that, as had been suggested by Lock, the increase in T,
of these films can be simply related to the existence of
elastic stresses in them. For colloidal mercury particles
with a diameter of the order of a few hundred A,
Whitehead" found a rise of T, of about 0.040'I, which
is also attributed to strains. The work of Lutes" on
tin whiskers of diameter down to about 10 4 cm did
not include accurate determinations of T„but he does
report considerable broadening of the magnetic tran-
sition at lower temperatures, and also ascribes this to
strain. Appreciable broadening of the transition was
also found by Androes and Knight'~ in the 100-A tin
films in which they measured the Knight shift. The
critical temperature of these films was lower than that
of annealed bulk material.

In any of these film, colloidal, or whisker samples,
the change in T, due to the nonideal elastic conditions
can completely mask the small effect which, on the
basis of our previous measurements, ' ' one can expect
to be due to a decrease in the electronic mean free path.
We therefore decided to use only cold-rolled foils which
were then annealed, although even in the thinnest
samples we could prepare the change in T, was just
measurable. The specimens were hand-rolled between
TeRon strips, and this yielded material of approximately
6 p, average thickness as determined by weighing.
Strips about 2 to 3 mm wide and 2 cm long were then
cut from this, mounted in the low-temperature appa-
ratus, and annealed at room temperature for at least a
week before the measurements.

The low-temperature apparatus consisted primarily
of a massive copper block which provided sufhcient
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thermal inertia to smooth out rapid temperature
fluctuations of the helium bath in which it was im-
mersed. The indium foils were placed loosely into wide
grooves cut into the upper, horizontal face of this block,
which had previously been coated with a thin layer of
GE No. 7013 varnish for electrical insulation. The
parts of the current and potential leads in contact with
the samples were themselves made of indium, and were
cold-welded to the samples by pressing gently. Care
was taken to maintain enough slack in the samples so
as to prevent subsequent strain upon cooling due to
differential expansion. One of the grooves of the copper
block contained a length of 0.010-in.-diam indium wire
extruded from the same pure material. This wire served
as the "bulk" reference sample. The block further
contained a carbon resistance thermometer cemented
into a hole into which it fitted tightly. This thermometer
was calibrated against the vapor pressure of the helium
bath.

The critical temperature of the specimens was
determined as that point at which their resistance fell
to one-half of its normal value. All readings were taken
while the temperature was decreasing and with the
earth's field compensated to within a few percent. The
potential across one of the thin foils was connected
through a microvolt amplifier to one of the pens of a
double-pen recorder. The low-temperature foil resist-
ances were of the order of 250 p.ohm, and required a
measuring current of only 1—2 ma for adequate deflec-
tions. The second pen of the recorder followed the
oft-balance of a microvolt potentiometer which meas-
ured the potential drop across the carbon thermometer.
A galvanometer with an optical multiplier was con-
nected directly across the "bulk" sample, which has a
low-temperature resistance of 26 pohm. Kith a meas-
uring current of 10 ma, this resulted in a galvanometer
deflection of about 2 cm in the normal state. When this
deflection fell to one-half of its normal value, the
observer would tap a switch producing an electrical
marking signal which was superimposed on the ther-
mometer trace of the recorder.

The procedure was to start at a temperature a few
millidegrees above the highest critical temperature, and
to allow the temperature to drift down at the rate of
about 2—3 mdeg per minute. This was slow enough to
make the transitions occur in a time long compared to
the period of the galvanometer and the response time
of the human arid electronic recorders, yet not so slow
as to obscure the value of T, due to temperature
fluctuations and variations in the thermal emf's. The
midpoint of the transition of the "bulk" would appear
as a marker on the thermometer trace, and a little
earlier or later depending on the measuring current in
the bulk sample, the transition of the foil would be
indicated by the movement of its pen. In this fashion
the difference between the two critical temperatures
could be determined with reasonable accuracy in terms
of the concurrent change in the thermometer resistance.
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FIG. 1. Values of ET,= (T,)„;„(T,)fou tak—en with a current
of 1 ma through foil No. 2, plotted as a function of the measured
current through the wire. The dashed curve is corrected for the
effect of 1 ma through the foil.

RESULTS AND CONCLUSIONS

Our success in preparing and annealing samples
reasonably free of strain and closely resembling bulk
material in every respect except size was indicated by
the narrowness of the superconducting transitions,
which occurred within 1—2 mdeg for the wire and for
foil Xo. 2, and within 2—3 mdeg for foil No. 1.

Allowance had to be made, of course, for the field
created by the measuring currents. Rather than rely on
a calculated correction, particularly questionable for
the foils, we made measurements of (T,)„;„—(T,)t„tas
a function of measuring currents in both the "bulk"
and the foils. Figure 1 shows a series of measurements
of the difference in T„all taken with a current of 1 ma
through foil No. 2, plotted as a function of the meas-
uring current through the "bulk" sample. Each point
is the average of several transitions, the flags indicating
the spread in results. It is evident that even with the
lowest current, 10 ma, the lowering of T. due to the
field is half as big as the temperature difference which
we wish to measure, which is the value extrapolated to
zero current. The correction is seen to be in the opposite
direction to the actual mean-free-path effect. For small
measuring currents the "bulk" transition occurred at
a temperature higher than that of the foil, for larger
currents the "bulk" transition moved to lower temper-
atures. This change in the sequence was observed quite
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TABLE I. Comparison of calculated and observed changes in T,.

Specimen pX10'
(&I'.)-iu
(mdeg)

L(t'u)bulk ((Tu)bulJL
(+u)fun jclhlu (Tc)fun jBluull

(mdeg) (mdeg)

Foil No. 1
Foil No. 2
Wire

1.05
0.76
0.21

2.4&0.6
1.8+0.4
0.5&0.1

1.9+0.7
1.3&0.5

1.4+0.6
1.7+0.6

unequivocally, and allows us in spite of the smallness of
the effect to extrapolate with confidence to a AT, value
in zero measuring current. The current correction for
the foils was much smaller, and was obtained by
measuring T, differences with varying foil currents and
constant bulk current. This yielded corrections of the
order of one-tenth of the observed mean-free-path
effect: approximately 0.18 mdeg/ma for foil No. 1, and
0.16 rndeg/ma for foil No. 2. The dashed line in Fig. 1
is corrected by this latter amount.

Applying these corrections for the foil currents to the
T, values extrapolated to zero wire current yielded
values for the difference in T, between each of the foils
and the "bulk" wire which we list in the last column
Table I. The critical temperature of the foils is lower
than that of the bulk. This and the magnitude of the
change are in excellent agreement with the results of
Chanin et al. on impure indium, according to which

where
DT, = —(2.3&0.6)p,

p=R4 s/((Rr —R4 s)L1—4r(T—273)]}. (2)

n is the known temperature coeKcient of resistivity for
indium, and E4 2 and Ez are the resistances measured
at 4.2 and at room temperature T, respectively. The
second column in the table lists the values of p for
our foils and wire, as calculated from their measured
resistances, and the next column gives the corresponding
values of ET, as calculated from (1). Subtracting the
change in T, of the wire from that of each of the foils
yields the differences in T, between foils and wire to be
expected if the boundary scattering has the same effect
as impurity scattering. The values are shown in column
four, and are seen to agree very well with the measured
values in column Ave.

As a check on our basic assumption that in the foils
the electrons are predominantly boundary scattered,
one can use Dingle's calculations" of the conductivity

"R.B. Dingle, Proc. Roy. Soc. (London) A201, 545 (1950);
see also E. H. Sondheimer, Advances in Physics, edited by N. F.
Mott (Taylor and Francis, Ltd. , London, 1952), Vol. 1.

of thin Alms. Dingle computes the ratio of foil resistivity
to that of bulk material for different ratios of foil
thickness to bulk mean free path. Taking for this last
about 0.045 cm, and a bulk value of p=10 '," one
finds that films of thickness @=6p should have p=10 ',
which is just what we measure for our films. Another
check is to calculate the effective mean free path in
the foils, l,~~, using the known value of the ideal bulk
conductivity at 273'K,2 and the temperature-inde-
pendent value of o/f, as calculated from anomalous
skin effect measurements. " One obtains for foil No. 1

ff 7 p, for foil Xo. 2 l,«= 10 p, . This too is in agree-
ment with Dingle's calculations, according to which for
very thin Alms the effective mean free path varies as

l,tr =a ln(le/a).

For our films ls/a=75, and l,tt should therefore be
somewhat larger than the film thickness a. Again this
is consistent with our results, so that our assumption
of boundary scattering seems to be well substantiated.

We believe, therefore, that this work clearly estab-
lishes, in spite of the small magnitude of the effect,
that in indium the critical temperature is lowered when
the normal electronic mean free path decreases as a
result of boundary scattering. In view of the similarity
between our previous results on indium' and those on
aluminum and tin, ' ' it appears probable that the same
conclusion can be drawn for these other elements.
Taken together with previously cited evidence that the
same effect occurs when the mean free path is limited
by other means, this convinces us that the initial
lowering of T, in aluminum, indium, and tin is indeed a
true mean-free-path effect independent of the mecha-
nism determining the free path. Serin" has pointed out
that both the magnitude and the extent of this effect
support Anderson's suggestion" that when the mean
free path decreases to a value comparable to the bulk
range of coherence, the critical temperature decreases
by a fractional amount of the order of the square of the
fractional anisotropy of the superconducting energy gap.
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