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temperature-dependent measurements of the hyperfine
constant A.
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~e have performed a quantitative electrodynamic experiment on a Josephson oxide tunneling junction.
Using a current source at 30 Mc/sec, we have veri6ed the time dependence of the Josephson equation,
j=jo sin [p&—p, —(2e/A)fA dl5, where (8/N)[pt p, (2e/A)f—i"A—dl5= —(2eV/tt). Thus the limiting
voltage is shown to obey the quantum relationship, 2eV=Aco. Measurements were made completely in the
coherent state showing the diffraction nature of the junction as a function of applied magnetic field. The
Josephson (parametric) inductance oi the junction was directly observed and is in good agreement with
the theory.

INTRODUCTION

OSEPHSON' first predicted that a sufficiently thin
tunneling junction between two superconductors

would support a lossless tunneling current. He con-
cluded that the current would be dc at zero voltage
difference but that an alternating supercurrent would
flow at finite voltages. Anderson' and Josephson' ex-
tended and interpreted the initial prediction in terms of
the quantum phase difference of the superconducting
order parameter or wave function at the two sides of the
junction.

Experimental verification of the dc Josephson effect
has been provided by a number of separate experi-
ments~' which elucidated the stationary quantum-
wave interference properties of superconducting circuits
containing one or more Josephson junctions. The
Josephson ac effect has been observed via detection in
the junction itself by Shapiro' and others. "While the
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THEORY

The fundamental equations relating to the Josephson
effect express the phase-dependent part of the binding
or coherence energy per unit area and the supercurrent
density for weakly coupled superconductors as

28
E(r,t)=E, cos y, —y„—— A dl

2e
j(r,t) = js sin y,—y,——

fi z

A i11 (2)

where [yt —y, —(2e/h) Jt'A. dl7 is the gauge-invariant
phase difference across the junction. We will explicitly
concern ourselves with oxide junctions and use the
coo."dinate definitions of Fig. 1. The phase difference
Pyt- y„—(2e/h) J't'A d17 will be a function of (r,t)

one approach of attempting to generate ac with the
application of a dc voltage across the junction was under
w'ay in several laboratories, we chose to investigate the
Josephson ac effect dynamically by a different experi-
mental approach, namely, to observe the dynamic
characteristics of a Josephson junction under the in-
Quence of a radio-frequency current source. This investi-
gation is reported here with quantitative measurements
of the quantum voltage, the Josephson inductance, and
the superconducting phase difference in the coherent
state averaged over the surface of the junction.
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FIG. 4. (a) Experimental geometry of the Josephson junction and the measuring lead wires. (b) Block diagram of the electronic
measuring system. The alternative methods of rf coupling to the junction are shown schematically by the switch labeled "direct drive"
and "weak coupling. "

Our experimental arrangement also provided for rapidly
successive or simultaneous measurements of both the
dc characteristics and rf properties of the junction
without removing the sample from the liquid-helium
bath. This scheme is shown in Fig. 4(b). A conventional
four-point probe method with oscilloscope display of the
low-frequency I-V characteristics was provided by the
audiogenerator and audio amplifier. The rf response was
accomplished with the same four-point leads and two
twin-lead shielded cables. The JC circuit is used as a
voltage and impedance step-up transformer with a
voltage gain of Q at the resonance frequency. Proper
decoupling of the rf and audio circuits was provided to
maintain the Q of the rf resonant transformer.

The rf generator was connected as a current source.
The characteristic impedance Zo of the resonant circuit
was 100with the Q approximately 800. A Wallman-type
cascade rf preamplifier was used with an over-all rf
gain of 4000. The output voltage was measured with a
Boonton Electronics Corp. Model 91-CA RF Voltmeter.

A magnetic-field-sweep unit provided variation of the
Qux in the junction and hence produced changes in Io
as given in Eq. (6). The audiofrequency I Vcharacter--
istics were first observed for each junction. Only those
junctions which showed the proper di6raction pattern
of Ie versus flux were considered. to be Josephson junc-
tions and were studied further. After a determination
of Is(C), the audiofrequency source was turned off and
the Qux set to zero. The rf current was turned on to a
value I, less than Io and the frequency co, of the rf
generator tuned to the tank resonance. A background
rf voltage appeared on the rf meter due to incidental
coupling of the generating and receiving systems. As the
magnetic field is varied the rf voltage level decreases to
a minimum value when Is=I,. At this point V(or,) rises
sharply. Furthermore the Q of the circuit is reduced by
about 10' indicating that the junction is normal with a
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FIG. 5. Experimental data for Io and V(co) as a function
of the magnetic Qux.

resistance about 1 Q. As the Aux increases Io decreases
further to zero and then increases until Io=I,. At this
point V(or) returns to the same minimum value and the
high Q of the circuit is restored.

A plot of this behavior of both Is and. V(or) as a func-
tion of C (as measured by the magnet current) for one
Josephson junction is shown in Fig. 5. This data for
V(or) was taken with I~10 pA. Furthermore, notice
that the magnitude of V(or) at Is=I, is the same for all
observed positions. These data for Is and V(or) represent
the V(or) =0 and I= 10raA planes, respectively, of Fig. 3
can be compared with that theoretical graph.

The background rf voltage in Fig. 5 was about
200 mV (rms) at the rf meter and the over-all change
upon varying the magnetic flux was 70 mV (rms). Re-
ferred to the first amplifier, the change in the voltage
amplitude"was then 25 pV. From Eq. (16) we expect the
voltage change across the junction to be 7.3X10 V,
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tional change in frequency is S)&10—4 corresponding to
a variation of the circuit inductance of 1&(10 '. For
Zp= 10 0 this corresponds to 10 ' 0 in good qualitative
agreement with the computed reactance for the junc-
tion. As predicted by Eq. (21) the inductance is sensitive
to variations in Ip and insensitive to l, .

A further observation of the nature of the junction
was obtained with this capacitive coupling. The change
in rf voltage as lp varies from a maximum to zero is
antisymmetric about the center frequency of the circuit
at Ip with essentially no voltage on resonance. This
demonstrates the purely dispersive nature of the junc-
tion at 30 Mc/sec.

FIG. 6. Resonance frequency of IC circuit containing the junction
as a function of magnetic Geld and rf supercurrent.

from which we would predict a voltage across the reso-
nant circuit of QV(~,)=58.2 pV. However, we note
from Eq. (21) that for Io= 10pA the inductive reactance
of the junction at I,=Io is (V(~,)/Io)=7. 3)(10 ' 0,
whereas the equivalent input resistance of the resonant
circuit is Zo/Q=12. 5X10 ' Q. When the entire circuit
is considered at resonance, the dispersion voltage across
the resonant circuit should be 0.44QV(~, ) compared to
the measured voltage 0.43QV(cv, ). The agreement is
excellent.

A further demonstration of the nature of the ac
Josephson effect is the direct observation of the para-
metric inductance. In Fig. 4(b) the rf source could be
switched from direct connection to the Josephson junc-
tion to a loose coupling to the resonant circuit through
a very small capacitor. Then the resonance frequency
of the circuit can be measured as a function of Ip and I,
by varying the magnetic Qux and the voltage level,
respectively. Figure 6 gives the variation of resonance
frequency with magnetic field for a junction where the
first null in Io(C) occurs at 14.5 mA of magnet current.
The ac supercurrent is measured by the ratio of the
voltage at the tank circuit to the reactance. The frac-

CONCLUSION

We have quantitatively verified the dynamical be-
havior of Josephson junctions and compared this with
the predictions of Josephson's equation. The Josephson
junction behaves as a parametric inductance element
in which the voltage is proportional to the frequency.
When driven with a harmonic current source, the maxi-
mum voltage across the junction is the quantum voltage,
her/2e. The current produces a rotation of the relative
phase drop across the junction and the voltage results
from the rate of change of the phase.

Through a measurement of the rf voltage as a function
of magnetic Qux we have measured the average phase
drop across the junction and observed the diffraction
effect in the coherent state. Thus the Josephson junction
is a superconducting device which can be used com-
pletely in the superconducting state. The experiment
reported here is in effect a demonstration of a parametric
amplifier; the infinitesimal voltage applied to the junc-
tion by varying the Aux over some time interval r,
(h/2er), resulted in a change in the 30 Mc/sec "pump"
voltage equal to hv/2e. Hence we have realized a voltage
gain of ur, or for harmonic variation of the Qux at a
frequency vx we would have a voltage gain to (v/v&).


