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We show that the pair-quasiparticle interference current in Josephson junctions will probably have a large
effect on the amount of flux that will break into a superconducting interferometer. This shows promise as a
new more-accurate way to measure this interference current. For this and other reasons, we argue that the
calculation of this flux entry should be done more accurately than heretofore.

INTRODUCTION

In this paper, we propose a new approach to
measuring the “cos¢” term in the tunnel current
in a Josephson junction. It is based on measuring
the entry of flux into a superconducting interfer-
ometer.

For constant voltage, the tunnel current in a
Josephson junction was given by Josephson as!

i =i (V,T) sing + Vo o(V, T) + Vo ,(V, T) cosg . (1)

The first terin on the right-hand side represents
pair tunneling, i (0, T) is the junction critical
current, and ¢ is the superconducting phase dif-
ference across the junction. The second term
gives the quasiparticle tunnel current, with con-
ductivity o,(V, T). The third term is referred to
as the pair-quasiparticle interference term, or
the cos¢ term. It reflects the fact that the paired
electrons and the quasiparticles are not really
independent. Much of the discussion of the be-
havior of Josephson junctions has assumed that

i, and ¢, were not functions of V and that ¢, was
negligible. This is reasonable when V is very
small compared to the energy-gap voltage V,

=2A /e, where A is the half-gap. For larger volt-
ages, these assumptions are invalid.

The function ¢,(V, T) has proved very difficult
to measure, even though it is not small when
V=V,. One reason for this is that at such volt-
ages the resulting current oscillates at a very
high frequency and tends to average to zero. So
far, only a rather rough measurement has been
possible in tunnel junctions? (we will not consider
other types of weak links), and it disagrees with
theory.® Therefore, a new approach to measuring
o, could be cf great value.

ANALYSIS

The experiment we have in mind uses a super-
conducting loop that is interrupted at one point by
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a Josephson junction. Starting in zero field, a
magnetic field, perpendicular to the plane of the
loop, is increased slowly until flux abruptly breaks
into the loop. The amount of flux now in the loop
Oenter 1S the measured quantity.

This experiment was analyzed by Smith and
Blackburn® by computer simulation. In addition,
they reported some measurements on one loop.
However, they did not know the capacitance of
their junction accurately, so they were not able
to make a precise test of their calculation. They
assumed the familiar equivalent circuit model for
this system, consisting of the loop inductance L,
the junction capacitance C, and the quasiparticle
tunneling resistance R, all in parallel with an
element obeying the relation ¢ =i, singp. They took
L, C, R, and i, to be constants.

This system can be thought of as a damped LCR
oscillator in parallel with an added element that
exhibits Josephson oscillations. Smith and Black-
burn were interested in the case in which the LCR
oscillator was overdamped. They showed that the
simple model predicted that ¢, would change in
a smooth, predictable way as the damping param-
eter 3=VLC/RC was varied. They erred in sup-
posing that their results could be extrapolated to
small 8, where the LCR oscillator is underdamped.
Wang and Gayley® showed that in that case the be-
havior of ¢ .. VS B becomes erratic and very
sensitive to noise. In the present paper, we re-
strict ourselves to larger 3, where the behavior
is expected to be regular. The dividing point is
at 8 =2.0 when the parameter y=Li, /¢, is zero,
where ¢, is the flux quantum, and roughly 1.6
for the interesting range of values of vy.

In the larger B regime, we believe that, while
Smith and Blackburn’s general conclusions are prob-
ably valid, their results are not accurate enoughfor
quantitative comparison with experiment. The
main reason is that the voltage across the junction
will not be small. As Smith and Blackburn point
out, one can estimate the maximum voltage across
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the junction in this experiment to be roughly [¢,/
(LC)*2]y/B. This is justi,R, which is of the or-
der of V,. Therefore one cannot assume V<«<V,.
One cannot treat ¢, and ¢, as independent of V, and
neglecting ¢, is also invalid. Another problem is
that V is not a constant, which means that Eq. (1)
does not really apply. During most of the period
of flux entry, V will be roughly constant, so this
error may not be serious. However, the other
errors probably are. In particular, we will show
that the cos¢p term can have a very large influ-
ence, and, for that reason, this experiment may
prove very interesting.

To examine this question we have modified Smith
and Blackburn’s prograrm, which they very kindly
gave us a copy of, by adding the term ¢,V cosg to
the current. We treated ¢, as a constant and used
the values ¢, =—0,, 0, and +0,. These values
were chosen because —¢, is roughly the measured
value? and +¢, is about the theoretical value.® The
results of the simulation for y =100 are shown in
Fig. 1. These graphs are still not suitable for
quantitative comparison with experiment or for
measurement of ¢, because i,, 0y, and o, were
taken to be constants. However, they do show
that including o, changes the results considerably.

We can understand why the cos¢ term does not
average out in this experiment by a simple argu-
ment. Just prior to the entry of flux into the loop,
there is a large energy stored in the loop induc-
tance by virtue of the circulating current that has
been induced. Then, entry of flux corresponds to
the decay of this circulating current. A large
voltage appears across the junction as the flux
begins to move rapidly in; the junction becomes
lossy; and energy is extracted.

The circulating current need not decay to zero,
however. There is a set of quasistationary quan-
tum states, each with a different circulating cur-
rent, that the system might settle into. As the
current decays and flux enters, we can regard the
loop as passing continuously from one state to
the next. Meanwhile, there is an oscillating inter-
change of some of the energy between the loop
inductance and the junction capacitance, due to
Josephson oscillations in the junction. (The LCR
oscillator is overdamped but the Josephson oscil-
lations are not.) The capacitive energy, and there-
fore the voltage, passes through a minimum each
time another quantum state is reached. As more
and more energy is dissipated, a point eventually
will be reached such that this minimum voltage
is zero. The system becomes trapped in that
quantum state. For very large damping, this
occurs while the circulating current is large,
and @y, Will be small. For smaller damping,
the circulating current decays further before trap-
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FIG. 1. Results of computer simulation of the flux
®enter that will enter a single-junction interferometer,
showing the effect of the cos¢ term, using the simplified
model described in the text. ¢y, iS normalized by
dividing by Li ., which is the maximum flux that can be
generated by a supercurrent in the loop. The calculation
assumed an initial applied field of magnitude such that it
would produce a flux of 100.3¢, in the loop, where ¢, is
the flux quantum. The flux in the loop, just before the
entry of the external flux, was taken to be 0.25¢,. These
are the appropriate initial conditions for the experiment
described in the text, except that 0.05¢; was added to the
applied field to ensure that the external flux would indeed
break in. For further discussion of this type of calcula-
tion, see Refs. 4 and 5. 0 is the coefficient of the pair
tunnel current, o, is the coefficient of the cos¢ term,
and B is the damping parameter (L C)/*/RC.

ping occurs, and ¢, is larger.

The above allows us to understand the shape of
the ¢, =0 curve in Fig. 1. Now, when we include
the pair-quasiparticle interference current, the
damping will change and so will ¢,,,,. If we use
P, for the power dissipated because of this inter-
ference term, then

P;=g,V®cosgp. (2)

As we said, V will not be constant because of
Josephson oscillations in the junction. It turns
out that V will be lowest when cosg is -1 and
largest when cosg is +1. This means that P; does
not average to zero even though cosy oscillates
between plus and minus one. Further, it says
that the period near cosg =+1 is more important
in determining the average of P;, (P;), because
that is when V is largest. If ¢, is positive, then
P, is positive in that period, and we expect (P;)
to be positive. Then the net effect of the cosgp
term will be to increase the damping and reduce
Qente:- I 0, is negative, the reverse is true. This
agrees with the results shown in Fig. 1.
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CONCLUSION

We believe that the calculation of the flux enter-
ing a superconducting interferometer should be
done again, using a more complete treatment of
the Josephson tunnel current. The arguments pre-

sented here indicate that, when that is done, the
results will be quite sensitive to the sign and mag-
nitude of the coefficient g, of the pair-quasiparti-
cle interference term. This should form the basis
of an accurate method of measuring this quantity.
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