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Parametric excitation of plasma oscillations in a Josephson

tunnel junction

C. K. Bak, B. Kofoed, N. F. Pedersen, and K. Saermark
Physics Laboratory I, Technical University of Denmark, DK-2800 Lyngby, Denmark

(Received 16 September 1974)

Experimental evidence for subharmonic parametric excitation of plasma oscillations in Josephson
tunnel junctions is presented. The experiments described are performed by measuring the microwave
power necessary to switch a Josephson-tunnel junction biased in the zero-voltage state to a

finite-voltage state.

I. INTRODUCTION

The use of a Josephson junction as a parametric
amplifier has been investigated previously, theoretical -
ly'™ as well as experimentally.?*° In Refs. 1, 2, 4,
and 5 the Josephson frequency w,=2eV,/% is used as the
pump frequency and an external cavity is used as the
input circuit. Here e is the electron charge, 277 is
Planck’s constant, and V; is the dc voltage across the
junction. In Ref. 3 the possibility of using the plasma
frequency in a Josephson junction as the input circuit
and an external signal as the pump has been investigated
theoretically, and it was suggested that parametric ex-
citation of the plasma oscililations should be observable
in a Josephson thin-film junction but less likely in point
contacts., One advantage of using the plasma frequency
as the input resonance frequency is the possibility of a
rather easily performed tuning by varying the dc
Josephson current. In the present paper experimental
evidence for parametric excitation of plasma oscilla-
tions in the thin-film Josephson junctions is presented.
The paper is organized along the following lines: In Sec.
II the experimental details are presented. In Sec. III
the experimental results are presented and discussed.
Finally, Sec. IV contains the conclusion.

It. EXPERIMENTAL DETAILS
A. Experimental setup

The samples were Sn-5n,0,-Sn and Nb-Nb, O -Pb
cross-type thin-film tunnel junctions. The Sn-Sn,0,-Sn
junctions were prepared by evaporation in vacuum (107°
Torr). The barrier was produced by letting the first
deposited film oxidize for about 20 h in an atmosphere
of pure oxygen at 50°C. The effective tunneling area
was 1.5%107" m? and the maximum dc Josephson current
about 6 mA at 1,6 °K. This current was approximately
80% of the theoretical maximum current. The plasma
frequency of the junctions was less than 14 GHz and the
lowest geometrical resonance was measured to be 20
GHz. The dimensions of the junctions were 0.3 X0.5
mm?®. The Nb-Nb,O,-Pb junctions were prepared by
plasma oxidation of the Nb film as described in Ref. 6.

The experiments were performed at frequencies of
8.5~—11 GHz and at frequencies of 2—4 GHz using a
Gunn diode (Philips PM 7015x) and a S-band generator
(Sivers Lab PM 7008 S), respectively. The equipment
consisted, further, of an isolator, a directional coupler
for monitoring the power output, and a calibrated
attenuator. The measurements were done in a shielded
room.
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The double-glass Dewar system was surrounded by a
two-layered mu-metal can to screen out the earth’s
magnetic field, and a pair of Helmholtz’s coils were
placed in the liquid-nitrogen Dewar providing for mag-
netic fields up to 50 Oe, when desired.

The microwaves were introduced into the cryostat
through a low-temperature coaxial cable and coupled to
the junction by a loop surrounding the junction, with the
junction placed in the middle of the loop.

B. Experimental procedure

According to the simple theory I;** is proportional to
J(2eV . /Hw), where J, is the Bessel function of order
zero. Measurement of /5.** as function of the square
root of the applied microwave power should give this
dependence.” In general a remarkable variety of singu-
larities and hysteresis effects have been observed for
example as reported by Dahm et al.®

In tracing the I-V characteristic on an oscilloscope
certain intervals of the de Josephson current showed
instabilities with applied microwaves. Biasing the junc-
tion in these intervals was impossible. In order to make
the measurements in a reproducible way the junction
was biased with a fixed de current, /,, at zero voltage
without any microwaves present, The microwave power
was then gradually increased until the junction switched
to a voltage different from zero. An example of mea-
surements performed in this way is shown in Fig, 1.
Here the dB reading of the calibrated attenuator when
the junction switched is plotted as function of the dc bias
current, /., the microwave frequency being kept con-
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FIG, 1. Inserted attenuation in dB of the applied microwave
power necessary for switching the junction as a function of the
dc bias current I, at zero voltage for a Sn-Sn,0,-Sn tunnel
junction.
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FIG. 2. (a) The square root of the microwave power, i.e., the
rf current in arbitrary units necessary for switching the junc-
tion as function of the dc bias current I, at zero voltage for the
same junction as in Fig. 1. (b) Similar curve as in (a), but mea-
sured on a Josephson junction analog (/,,=1.1 mA, Ry=550 Q,
C=100 nF, f=11,2 kHz).

stant during the measurements. Since it is the dB read-
ing of the inserted attenuator which is plotted, a maxi-
mum point in the curve in Fig. 1 represents a point
where the junction demands minimal microwave power
for switching to a voltage state, The values of the dc
Josephson current, /%, at the maximum points are used
in the analysis. In order to compare the measurements
to similar measurements performed on a Josephson-
junction analog® the square root of the applied micro-
wave power as function of the de Josephson current has
also been plotted. An example is shown in Fig. 2(a). In
the following we shall call a curve of this type for a
“switching curve”, Recently Balkashin ef al.!'® have re-
ported on a similar curve measured in a different way
by keeping the microwave power constant and increas-
ing the dc current until the junction switched.

Curves like the ones which have been shown in Figs.
1 and 2(a) have been measured for a number of micro-
wave frequencies in the intervals 2—4 and 8.5—11 GHz,

Measurements as described above have been per-
formed on several thin-film Josephson junctions of the
type Sn-Sn,0,-Sn and Nb-Nb,O -Pb. All the junctions
behaved in the same manner in full agreement with the
discussion in Sec. III.

Ii1. DISCUSSION OF EXPERIMENTAL RESULTS

Central to the discussion is the Josephson plasma fre-
quency.® it may be written in the form

2elmax I 21/2
w:: 1- n?gx :w_oz,mucos¢o, (1)
#C m
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where I3 is the maximum dc Josephson current
(supercurrent), C is the capacitance, and I is the dc
bias current. In the junction experiments we assume
the applied microwaves to be a current source. When
the applied microwave frequency is equal to the plasma
frequency w = w,, the junction rf voltage is enhanced,
and the junction will require comparatively lower
microwave power for switching than for w# w,. Hence,
minima in the switching curve may be expected when the
applied frequency is equal to the plasma frequency and,
possibly, to harmonics and subharmonics of w,.

Figure 2(a) shows a typical experimental switching
curve obtained in the manner described in Sec. II. The
curve shows the square root of the rf power as a func-
tion of the dc bias current, /... The applied frequency
is 10.897 GHz and the junction has 73**=6.11 mA and
a normal state resistance R=0.1 2. Three characteris-
tic structures are observed in Fig. 2(a), and labelled
w/w,=2, 3, and 1, respectively. This labelling will be
described in detail below. Figure 2(b) is a similar
switching curve obtained for a Josephson junction ana-
log®; again the analog is biased in the zero-voltage mode
and an rf signal is applied until it switches to a voltage
state. The analog parameters are given in the caption
for Fig. 2(b). A careful investigation of the analog volt-
age waveform on an oscilloscope shows that the ob-
served structures are related to a large-signal plasma
resonance, subject to the condition w=w,, and a param-
etric subharmonic excitation of the plasma resonance, ®
subject to the condition w, =3w. In addition the analog
experiments show the usual harmonic resonances, sub-
ject to the condition nw = w,.

In order to unambiguously identify the resonances in
the real junctions two methods were employed. One
method was to obtain switching curves for a wide fre-
quency range covering both harmonic and subharmonic
generation and then determine the indexing that would

0 02 04 06 08 10
{cos Q)‘/z —

FIG. 3. The points in the diagram are the applied microwave
frequency as a function of (cos¢y!/? which is calculated from
Eq. (2) using the dc current I§, corresponding to the pronounced
structure in the switching curves. The extrapolated plasma
frequency is f,, e =12.6 GHz. Note that {cos¢y)!/?=0.3 corre-
sponds to an Iy, current of 99.5% of the maximum de current,
e,
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FIG. 4. Experimental points for three different tunnel junctions
plotted in the same way as in Fig. 3, but the microwave fre-
quency is here normalized to the plasma frequency found for
each tunnel junction.

fit all of the observed structures. An example of this
method is shown in Fig. 3, which shows a plot of three
frequencies in the 8.5—11-GHz range and three frequen-
cies in the 2—4-GHz range. For each frequency the dc
current, IX, corresponding to the pronounced structures
(minima in the switching curves) is read and the quantity
(cos¢,)/? [proportional to the plasma frequency, Eq.
(1)] is calculated as

(cosgy)t/ 2= [ —(E{,:%)J]l“- 2)

This plot gives a maximum plasma frequency of 12, 6
GHz and the series w/w,=2, 3, 1, §, and 3 can be
identified.

The other method was to determine independently the
magnitude of the plasma frequency by measuring the
capacitance and inserting in Eq. (1), For the Nb-Nb.O -
Pb junction (R=0.05 Q, I]**=3.3 mA) the capacitance
was determined by measuring the capacitance of a high-
resistance (R =100 ) junction from the same batch
directly and extrapolating as done for example in Ref.
11. The results of the two methods agreed within a few
percent. In any case an improper indexing would give a
factor of 4 in the capacitance—far beyond the experi-
mental uncertainty. Figure 4 shows the results for the
three samples that were most extensively studied. The
ordinate is the frequency normalized to the plasma fre-
quency. The straight lines correspond to w/w,=2, 3,1,
3, and %, and are not fitted to the data points.

We add that in one case the plasma frequency was
changed by applying a magnetic field. The structure in
the switching curve shifted in qualitative agreement with
the magnetic field dependence of the plasma frequency. *?

The excitation of the plasma resonance by harmonics
of the applied microwave signal is well understood and
has been reported earlier, ®''> What is new in the present
experiments is the excitation of the plasma resonance by
means of subharmonic generation, which has been theo-
retically predicted earlier.® The proposed mechanism
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is a parametric excitation of the plasma resonance when
the applied microwaves have a frequency w=2w,. For

w <2w, this parametric subharmonic generation does
not increase gradually with junction nonlinearity as
harmonic generation does, but appears suddenly with

a large amplitude when the microwave power level ex-
ceeds a certain threshold value depending on the junction
losses, whereas for w x2w, the amplitude increases
continuously from zero. The detailed calculations will
not be reproduced here, but may be found in Ref, 3, The
threshold microwave power may be estimated for the
present experiments using

atang, >2/Q, (3)

where @ =w,RC, sing,=1,/I3*, and a=2eV /fiw. For
the junction of Fig. 2(a) and for tang,=1, one finds @
=15 and @ >0.1 which at 10 GHz corresponds to an rf
voltage amplitude of a few microvolts. This low power
level is in qualitative agreement with the observation
that the measured plasma frequencies of Figs. 3 and 4
are not significantly shifted from the small-signal
resonance frequency.

From analog measurements where the waveform of
the rf voltage can be observed on an oscilloscope we
know that the threshold value for subharmonic generation
does not in general coincide with the rf voltage neces-
sary for switching. Thus the theory of Ref, 3 is not
directly applicable for a quantitative comparison, parti-
cularly with respect to the amplitude of the rf voltage
and the power threshold curve, For this reason we have
not tried to determine the magnitude and sign of the
cos ¢, term'?+'? although some information may be con-
tained in the experimental curves.

A comment should be made as to the appearance of
the structure at w/w,=3. This structure does not
correspond to a higher-order solution of the Mathieu
equation [Eq. (3)], but once the threshold curve corre-
sponding to the excitation at w= 2w, has been reached
it is known that rf voltage contain frequency components
at v, 3w, 2w,..., where the higher harmonics dimin-
ish rapidly in amplitude (Ref. 3 contains information
about relative magnitudes for analog measurements).
An interesting observation is that for a junction very
similar to the one in Fig. 2(a) but containing a short
(circles in Fig. 4) the 3 harmonics disappeared, where-
as the other harmonics were essentially similar to the
junction in Fig. 2(a). This behavior may be expected
if the @ of the junction is lowered because of the short.

IV. CONCLUSION

By measuring switching curves for Josephson tunnel
junctions, that is, the microwave power necessary to
switch the junction to a finite voltage as a function of
the dc current in the zero-voltage mode and analyze the
position of the pronounced structure in the curves, it
has been possible to identify the structure as belonging
to subharmonic generation of the plasma frequency.
This identification is further supported by similar mea-
surements on a Josephson-junction analog where the
waveform of the rf voltage has been observed. There-
fore our conclusion is that we have demonstrated ex-
perimentally that the plasma resonance may be excited
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by parametric subharmonic generation as predicted in
Ref. 3. This motivates attempts at using a zero voltage,
i.e., dc current-biased mode of a Josephson junction
as the nonlinear element in a parametric amplifier.
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