VoLuME 9, NUMBER 9

PHYSICAL REVIEW LETTERS

NOVEMBER 1, 1962

detailed calculations show that they lead to correct re-
sults as far as functional dependence is concerned.
3C. Herring, Phys. Rev. 96, 1163 (1956).
WFor VT along [010] and any LH, Qp=0.06Q
+0.94 Qpr The relative contributions should be com-

bined with relative magnitude to get the average expo-
nents for @,. The relative magnitudes of Qp” and Qpl
have not been calculated, but for a rough estimate we

can use the limiting classical values from reference 5,
Qp I =10 Qp K and obtain the weighted average used above.
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Measurements of critical current density in
thin tin films have been made utilizing an induc-
tion method. The results of this technique con-
firm previous critical current measurements’’?
near T, but further reveal a peak in the critical
current density near a reduced temperature (T/
T,) of 0.65. Such peaks would not have been re-
solved by the previous technique? which relied on
the expected® monotonic decrease of critical cur-
rent with increasing temperature. This unusual
behavior deviates markedly from theoretical pre-
dictions except near T,. At the lowest tempera-
tures the magnitude of the critical current is con-
siderably lower than the asymptotic value (jc
=nSeA/pf~10" A cm™) expected at T=0.

The present measurements use an alternating
current technique that reveals more detail of the
critical current temperature dependence than is
easily obtained from magnetic moment measure-
ments® of superconducting rings. The configura-
tion of the apparatus is shown in Fig. 1. The field

-

FIG. 1. Field coil (F), superconducting ring (R),
and sensing coil (S).

coil, F, 10 cm in diameter and 3 cm long, is
wrapped on the outside of a glass Dewar contain-
ing the helium bath. The superconducting ring,
R, isa 17704 tin film, 1 mm long, evaporated

on a glass tube having 10 mm o.d. and 7 mm i.d.
This ring is supported in the helium bath coaxially
at the center of the field coil. A 2500-turn sens-
ing coil, S, is placed inside of the glass tube so
as to monitor changes in flux through the super-
conducting ring. Since this coil extends 3 mm
beyond the ends of the tin ring, and since its ef-
fective diameter is about half that of the ring, it
actually monitors both flux changes applied to the
ring by an external field and flux changes due to
currents in the ring. The field coil is sinusoidally
driven by an audio-frequency generator and power
amplifier, producing a field varying as shown in
Fig. 2, (A). The sensing coil is connected directly
to an oscilloscope. As the field amplitude is in-
creased from zero, a correspondingly increasing
sinusoidal wave form is observed from the sens-
ing coil. Then, when the field amplitude is just
sufficient to induce a critical current in the ring,
a single peak appears at the nodes of the sensing-
coil voltage wave form. With further advances in
field amplitude, the peak grows in amplitude and
moves to increasingly early time positions rela-
tive to its original position. At very large field
amplitudes the peak occurs at the maxima of the
sensing-coil wave, and no further peaks are pro-
duced.

There is also a noticeable break in slope at the
nodes of the sensing-coil wave form when the peak
is well developed. Figure 2, (D) shows the shape
of the sensing-coil wave form, with the peaks at
time o and the break in slope at time 8. The
shape of this wave form can only mean that when
the current reaches its critical value, it remains
fixed in value even though the applied field contin-
ues to rise and the excess flux leaks into the ring.
When the applied field begins to decrease at time
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FiG. 2. Wave forms of the applied field (A), ring

current (B), flux through sensing coil (C), and sens-
ing coil output voltage (D).

B, the ring current then begins to decrease as
well. This is illustrated in Fig. 2, (B), in which
1; is the current corresponding to the flux trapped
in the ring during the previous half cycle. The
critical current is reached at time «, and this
point will move to the left when applied field is
increased. Thus the ring current can be shifted

in phase by nearly 45° if sufficiently large fislds
are applied. The flux linking the sensing coil thus
has the form shown in Fig. 2, (C), where ¢; is

the trapped flux from the previous cycle. Because
this flux contains components from both the applied
field and the current in the ring, its phase is not
shifted as far as the phase of the ring current.

The sudden discontinuance of shielding by the ring
at time o produces a break in slope in the sensing-
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coil flux, but the onset of shielding again at time

B will only produce a second-order change in sens-
ing=-coil flux. The output voltage is the time deriv-
ative of this flux, and has a peak at time «, but
only a change in slope at time B8, as shown in

Fig. 2, (D).

These measurements were made by finding the
threshold at which the peak began to be produced
in the sensing-coil voltage. The applied field am-
plitude was calculated from a measurement of the
voltage applied to the field coil, and the maximum
current amplitude in the ring was calculated using
the inductance of the ring measured in the super-
conducting state. The maximum field amplitude
used for these measurements was 2.5 gauss. Very
consistent measurements were obtained at all ap-
plied field frequencies from 50 cps to 2 kc/sec,
but most measurements were taken at 1 ke/sec.
Maximum random error was +0.025x10% A/cm?,

Figure 3 shows the measured critical current
density in the tin ring as a function of reduced
temperature t=T/T,. In the initial measurements,
the presence of the voltage peak produced a ringing
in the sensing coil below {=0.75. This ringing was
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FIG. 3. Critical current density as a function of re-

duced temperature (T/TC) measured in a thin film ring
of length 1 mm, diameter 1 cm, thickness 1770 A.
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later damped out by shunting the sensing coil with
a resistor and capacitor in series, and much more
accurate data were obtained in the low~tempera-
ture region. The inset in Fig. 3 shows some of
these later data separately. The position and shape
of the large peak in critical current density were
entirely reproducible in all measurements. Data
were taken going from higher to lower tempera-
tures, and from lower to higher temperatures,
and no measurable effects of any kind were found.
The region of the helium  transition (¢=0.57) was
studied very carefully since it lay in the region of
the current density peak, but no effects were found
which seemed attributable to that transition. These
measurements are in very close agreement with
the data of Mercereau and Hunt, except that their
data were obtained in a manner such that the peak
in critical current density was never detected.
Because of the earlier measurements,'>? as well
as the predictions of all theories of superconduc-

tivity, the critical current density was expected
to decrease monotonically with increasing tem-
perature. The fact that the critical current den-
sity is considerably smaller near 0°K than theory
predicts, and the presence of the large structured
peak in critical current density centered at ¢=0.65,
indicates that some process not presently account-
ed for in any theory is the limiting factor in the
critical current density in soft superconducting
films.
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In a recent paper the author® has treated the
problem of correlation in anisotropic diffusion,
specifically evaluating the correlations for vacan-
cy self-diffusion for a number of cases. The ap-
proach used involves calculating the net “back
jump probability” £, by a Bardeen-Herring calcu-
lation, and then expressing ‘g’j as a function of £,
which completely specifies the correlations. This
procedure is also applicable to impurity aniso-
tropic diffusion, and it is possible to analytically
express the correlations to any accuracy that one
is willing to solve simultaneous linear accelera-
tions. Huntington and Ghate? have extended these
considerations to the case of impurity anisotropic
diffusion by a somewhat different approach than is
outlined above, They demonstrate the value of
this alternative approach by evaluating correla-
tions for impurity diffusion in the hcp lattice. Un-
fortunately, their procedure, like the one outlined
above, requires the solution of many simultaneous
linear equations, with the complexity of equations
increasing as the number of uniquely specified fre-
quencies is increased. Even though Huntington
and Ghate chose many (eight) frequency factors as
a model for impurity diffusion in the hcp lattice,

their calculation included only two dissociative
jump frequencies and neglected returning vacancies
which leave the first coordination shell. This
greatly oversimplified calculation has two difficul -
ties: (1) For any given example it requires a great
deal of algebraic gymnastics to solve for the cor-
relations, despite the simplifying assumptions,
and (2) it is not accurate because of the simplify-
ing assumptions. To improve on this calcuiation
by either of the above mentioned approaches is in
principle possible, although it hardly appears
reasonable considering the algebraic difficulties,
and the present state of experiment in this field
would hardly warrant such tedious calculations.
Thus, it is the purpose of the present Letter to
propose a new method of calculating correlations
for impurity diffusion, which can be applied to any
lattice, isotropic or anisotropic, and which per-
mits all symmetrically inequivalent dissociative
jump frequencies to be uniquely specified without
adding to the complexity of the calculation. The
method is compared with other methods for the
fce, bet, and hep lattices. To aid in this compari-
son an accurate empirical representation of pre-
viously calculated® self-diffusion correlations is
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