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Multi-frequency generation in Josephson junction arrays
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The phenomenon of multi-frequency generation was revealed in experimental study of electromagnetic radiation
spectra of a large low-temperature Josephson junction array fabricated on the basis of niobium. The array spectrum
was measured by a superconducting receiver with a high-temperature bicrystal Josephson junction. Numerical
simulation of Josephson system similar to that studied experimentally showed that the multi-frequency generation
regime occurs when the junction array contains eigenmodes with close frequencies.
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Nonlinear properties of the Josephson junction manifest
themselves, for instance, in the ac voltage generation
when the applied direct current exceeds the critical one.
Thereat, the junction emits an electromagnetic signal in
the millimeter or terahertz range. However, power of
this signal is very low and doesn’t exceed the picowatt
level [1,2]. Detected power is further suppressed because
of a significant mismatch of junction with the external
environment, dissipation of radiation in the surrounding
structure, and large fraction of higher harmonics in the
spectrum [2].

To achieve the generation power sufficient for practical
applications, it is necessary to use arrays of Josephson
junctions. Typically, the arrays consist of lumped junctions
whose size | does not exceed Josephson penetration
depth 4;. Contrary to a long Josephson junction with
[ > 2, the lumped junction array does not need a control
line to induce magnetic field; synchronization of junctions
potentially allows achieving a narrow generation line whose
width is inversely proportional to the number of synchro-
nized junctions [3].

This paper is devoted to spectral studies of an array
of low-temperature junctions fabricated on the basis of
niobium. Such arrays are in demand as voltage stan-
dards; their manufacturing technique is being permanently
improved. They are characterized by a small spread of
critical currents of Josephson junctions (~2-3%) [4],
which allows producing programmable circuits of voltage
standards containing ~ 10° junctions [5]. In this respect,
Josephson junctions of other types cannot compete with
them: high-temperature junctions have much worse re-
producibility [6,7], while internal junctions based on the
BiSrCaCuO compound have an additional problem, that
is, nonuniform heating [8,9]. Small spread of parameters,
jointly with a favorable topology of the superconducting
circuit and large number of junctions, gives hope for

23

obtaining a sufficiently narrow spectral line of Josephson
generation. The initially narrow line of generation makes
simpler the procedure of the phase-locked loop frequency
control which additionally narrows the line to the extent
necessary for practical applications, for instance, for using
the array as a local oscillator [10,11]. This study revealed
the effect of the array generation at several frequencies
simultaneously. In the above-mentioned applications of the
junction array, this effect is parasitic, but may appear to be
useful in other research and technological tasks.

The investigated array contains 9996 Nb/NbSi/Nb Joseph-
son junctions grown on a silicon substrate (Fig. 1). The
junctions are distributed among seven identical sections.
Each section consists of three single-strip lines (SSLs)
7.1mm long; each SSL contains 476 junctions. Geo-
metrically, SSLs are parallel to each other and connected
in series by direct current. Between the sections there
are contact pads that allow connecting to the power
source either the entire array or its individual parts. The
junction size is 8 x 8 um, the thickness of NbSi interlayer
is about 10nm. Procedure for fabricating such junctions is
described in [4,12].

The array’s I-V characteristic is shown in Fig. 2. The
hysteresis occurs due to non-simultaneous transitions of
individual junctions from the resistive state to supercon-
ducting one [13]. The resistive branch of the array’s I-V
curve consists of separate sections of higher differential
conductivity or steps also separated from each other by
hysteresis transitions. Those steps stem from resonances
arising in the array when the Josephson junction frequencies
coincide with the leaky mode ones. The resonances are
excited in the array’s straight parts (SSLs) that constitute
each section. Study [11] has shown for a similar array that
the length of such SSLs corresponds to the average inter-
step distance Af; represented in the values of Josephson
frequency f ; averaged over all junctions in the array if each
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Figure 1. A photograph of the Nb/NbSi/Nb Josephson junction array. The insets present the array fragments. The black square in the

lower inset shows the position of one of the junctions.
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Figure 2. I-V characteristic of the Josephson junction array. The
upper axis plots the Josephson frequency averaged over the entire
array. The measurements presented in Fig. 3 were performed at
the points marked in the inset. The arrow indicates the step to
which the second spectral line (Fig. 3,a) corresponds.

SSL is regarded as a single-strip resonator located at the
substrate-air interface. For the array investigated in this
paper we have Af; = 8.2GHz which is lower than that
for the array studied in [11] because of a larger SSL length:
7.1 mm instead of 5 mm.

Nevertheless, no ideal equidistance between the steps is
observed. In addition, the I-V curve exhibits a finer structure
in the form of smaller steps, smooth transitions between
the steps, etc. This may be explained by a more complex
structure of resonant system in the array, that cannot be
reduced to a one-dimensional resonator in the form of SSL.
This is shown in [14] where the array was scanned by a low-
temperature laser microscope, which allowed visualization
of distribution of the electromagnetic field excited in the
array. The results of [14] revealed a strong coupling
between SSLs constituting one section, that actually leads to
formation of a two-dimensional mode structure throughout
the entire section. In addition, paper [15] has shown that
the substrate can also participate in formation of modes.

The sample was cooled with liquid helium in a dewar.
Josephson radiation was coupled out through a waveguide
path. As in [16], the measurements were performed with
a receiver whose mixer was a high-temperature Josephson
junction formed on the bicrystal boundary of an yttria-
stabilized zirconia substrate. In [16], the spectrum for both
the entire array and its part always exhibited a single line
corresponding to a certain resonance. The line width varied
from 0.3 to ~ 10MHz depending on the power supply
type and technical noise level. It was noted that at the
edges of the main I-V curve steps, as well as at small
steps, the spectrum line positions may differ significantly
from f; It was suggested that such a strong frequency
shift is associated with simultaneous excitation in the array
of two resonances corresponding to neighboring I-V curve
steps. Measurements presented in this paper have confirmed
this hypothesis.
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Figure 3. The Josephson generation spectrum measured at the I-V curve points / (a) and 2 (b) marked in Fig. 2. For each line, its width

measured at the level of 1/2 of the maximum is indicated.

Fig. 3,a shows the generation spectrum measured by
moving along the I-V curve to the upper edge of the first
step (point 7 in the Fig. 2 inset). Power was supplied by
current source Keithley 6221. The measurements cover the
frequency range of 8 GHz at the edges of which two spectral
lines ~ 1 MHz wide are observed. They cannot be observed
simultaneously because of the limited bandwidth of the
intermediate frequency amplifiers (~ 2 GHz); therefore,
to make possible detecting the second line, the local
oscillator frequency was varied at the fixed position of
operating point. The left spectral line is associated with
the resonance excitation at the I-V curve step where the
operating point is located. This step is located in the range
fy = 138—139 GHz, which agrees with the position of the
line in the spectrum. The right line is most likely associated
with the resonance excitation on one of two small steps
located between two main steps. This step is indicated
by the arrow in the inset to Fig. 2. It belongs to range
f; = 145—146 GHz, which approximately corresponds to
the position of the right line in the spectrum. A slight
difference between this position and f; may be explained
by the contribution to f; from the asynchronous array
junctions [17].

Fig. 3, b presents the spectrum of the array measured at
the lower edge of the second main step of the I-V curve
(point 2 in the Fig. 2 inset). The spectrum contains two
lines of Josephson generation about 8 MHz wide. They are
separated from each other by less than 200 MHz, due to
which the superconducting receiver is able to detect them
simultaneously. Frequencies of these lines correspond well
to the position of operating point at the I-V curve. Despite
the lines are considerably wider and lower than those shown
in Fig. 3,a, they are of the same nature, i.e., they are lines
of the two-frequency resonance excitation corresponding
to the second main step. Thus, resonant modes may get
split even within one step because of complexity of the
system structure into which the Josephson junction array is
embedded.

Experimentally observed two-frequency generation of the
Josephson junction array was confirmed by the results
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of numerical simulation. The computational algorithm
combines the Finite Difference Time Domain (FDTD)
method with equations of the resistive junction model [18].
The radiating system named Josephson antenna includes
an arbitrary number of junctions, EMF sources, and linear
passive elements which are connected by thin ideal wires
into a single circuit. The antenna may be placed on a
substrate. A more detailed description of the calculation
method may be found in [17] together with the results of
calculations of the 1-V characteristics, radiated power, ac
current and voltage spectra, and radiation pattern [17).

The simulated Josephson antenna consists of seven lines
L= 1.8mm long connected in parallel to each other
(Fig. 4,a). In the central line there is mounted the EMF
source with internal resistance of 50 €2, while other lines
contain 40 Josephson junctions each. The critical current,
normal resistance and McCumber parameter of junction
are lc =2.5mA, R, = 0.5Q and 8 = 0.2, respectively. At
the end of each line with junctions, an inductance is also
located. These inductances for two lines that are second
from the upper and lower antenna edges are 0.1 nH, those
for the rest lines are 0.4 nH. Inductances of 0.1 nH are also
located on the left in the short vertical segments connecting
each line. They are designed for ac decoupling of the line
with the EMF source and lines with junctions. The substrate
is not used; the surrounding space is vacuum.

Fig. 4, b presents I-V characteristic of the second antenna
line recorded with increasing EMF from 700 to 945 mV. As
in the measurements (Fig. 2), the I-V characteristic exhibits
inclined steps arising due to the resonance excitation in the
line with junctions. Transitions between the steps, as well
as transition to the resistive branch of I-V curve, are inclined
negatively because of the finite source resistance.

Fig. 4,c shows the result of calculation the ac spec-
trum amplitude in the line under consideration at the
bias current of 2.7mA which corresponds to the position
between the second and third I-V curve steps (Fig. 4,b).
The spectrum exhibits three resonant modes which are
standing waves with different numbers of antinodes: the
lower mode has three antinodes, two upper modes have
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Figure 4. a — The circuit of Josephson antenna selected for numerical simulation. Circles represent the Josephson junctions, some of
which are numbered. The antenna’s inductances, length and width are also indicated. The power supply is depicted in the center. b —
I-V characteristic of the second line of Josephson antenna. The upper axis plots the Josephson frequency averaged over the junctions in
the line. The arrow indicates the direction of recording of the I-V curve. Digits /—3 designate the steps. The ac spectrum was calculated
at the point indicated in the I-V curve. ¢ — spectrum of ac current amplitude versus the number of junction in the second line. The solid
line superimposed on the spectrum indicates the distribution of Josephson frequency over the junctions.

four ones. The number of antinodes determines the
resonance number with which a certain I-V curve step
is typically associated. The frequency of lower mode
is f =296 GHz, which corresponds to the upper edge
of the second step, while frequencies of upper modes
are f =~ 360—370 GHz, which corresponds to the center
of the third step (Fig. 4,b). Note also that the lower
mode is approximately 60—70 GHz apart the upper ones;
this value agrees well with fundamental frequency fo of
a thin antenna L long: fo=c/(2L) = 83.3 GHz, where
¢ = 3 - 10'' mm/s is the speed of light in vacuum. All of the
above allows us to assert that the lower mode corresponds
to the second step, while the upper modes correspond to the
third step. The simulation results are similar to the spectra
obtained in measurements on the niobium junction array,
where both relatively distant lines corresponding to adjacent

I-V curve steps (Fig. 3,a) and close lines belonging to one
and the same step (Fig. 3,5) were also observed.
Generation of two close spectral lines corresponding to
one and the same step of I-V characteristic is explained by
elimination of the eigenmodes degeneracy of the resonant
system due to the coupling between lines with junctions.
The degeneracy gets eliminated due to the difference in
inductances of adjacent lines which leads to a difference of
their electrical lengths, and, hence, a difference of partial
frequencies from similar quantities for the entire resonant
system. Thus, we can state that one of the upper modes
shown in Fig. 4, ¢ is determined by the partial mode of the
second line, while the other one is determined by partial
modes of neighboring lines. Due to the interaction of lines
with each other, natural frequencies get shifted with respect
to partial ones. This may explain the shift in the position
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of the lower mode (Fig. 4,c) relative to the center of the
second step of I-V curve.

Thus, both measurements and numerical simulation have
revealed the possibility of generation of the Josephson
junction array at several frequencies.  Obviously, the
revealed effect prevents efficient application of junction
array as a local oscillator for conventional superheterodyne
receivers. The effect of multi-frequency generation may be
neutralized by increasing the quality factor of resonators,
which are here the sections of SSL. It is also necessary
to minimize electromagnetic rereflections occurring at the
bends and at the transitions to the contact pads, since
those rereflections give rise to secondary resonances at close
frequencies. On the other hand, multi-frequency generation
may be useful in a number of applications: in multiband
radar systems for generating multi-frequency phase-coded
signals [19], in microwave interferometry for monitoring
plasma characteristics in tokamaks [20], etc. Under certain
conditions, the Josephson junction array may prove to be
a good alternative to conventional oscillators used in such
applications; thus, a need to evolve the revealed multi-
frequency generation effect may arise.
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