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The investigations of superconducting tunnel junetions as phonon gener-
ators and detectors are reported. Theoretical predictions and the published
results of the experimental research on such devices are briefly reviewed. The
experimental results of the investigations of the current-voltage characteris-
tics of fabricated tin tunnel junctions are presented and discussed, and then
the measured current-signal transmission characteristics of pairs of identical
tunnel junctions deposited on the corundum sample are analyzed and inter-
preted. The results obtained are compared with the results o similar investi-
gations reported in the literature.

1. Introduction

The process of the generation and detection of phonons in superconducting
devices is based on the production of nonequilibrium (quasi-equilibrium) states
in thin superconducting layers. In general, the nonequilibrium states of the
superconducting layer can be produced by the injection of electrons, phonons
or photons. :

In the case of a detector, the nonequilibrium state is produced by a flux
of incident phonons, while in the case of a generator the external source of
energy produces an excess population of quasiparticles. Of the various methods
for producing nonequilibrium population of quasiparticles in superconducting
layers, superconducting tunnel junctions [1, 2], the a.c. Josephson effect [3],
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and the “phonon fluorescence” effect [4, 5], (i.e. the effect of thermal pulses)
have been used to generate phonons, while the possibility of using laser light was
noted in [6].

Since a conversion of the energy of the external source into the energy
of the phonons oceurs in a superconducting generator, it is possible to obtain
the similar intensity of the flux of phonons generated for each of the methods,
because it is limited by the possibility of destruction of the superconducting
state. The superconducting devices used for phonon detection are super-
conducting tunnel junctions [2] and bolometers [1]. The general model and
the related quantitative description of the performance of detectors and gene-
rators with superconducting elements must therefore be based on the equations
of dynamic equilibrium of the kinetic processes occurring in a nonequilibrium
superconductor. It is assumed that the time scale of the action of the external
source, which produces the nonequilibrium is several orders of magnitude
greater than the time scale of the kinetic processes in the superconductor itself —
and thus it can be assumed that we are concerned here only with the steady
states of the nonequilibrium superconductor. The general equations of dynamie
equilibrinm balance of the superconductor were derived in [7] and developed
in [8]. These equations are valid for macroscopic densities of phonons
and quasiparticles and they do not determine the energy distributions of these
excitations.

In order, however, to determine the spectrum and possibly also the inten-
sity of the flux of phonons generated, or the variation of the detector current
caused by a given incident flux of phonons, it is necessary to know the distri-
butions of the quasiparticles and phonons and the characteristic times of the
kinetic processes in the layer of the nonequilibrium superconductor under
investigation. These quantities can be calculated from solutions of the coupled
balance and kinetic equations and from the gap equation of a nonequilibrinm
superconductor. Such equations were derived in [9], with the assumption that
the processes of scattering and recombination of quasiparticles and phonon
trapping are equally significant in the nonequilibrium superconductor [10].

In previous models of a nonequilibrium superconductor [11,12] it was
assumed that scattering is the main mechanism of the relaxation processes.
In [9], however, only a linearized form of these equations was derived, with
the assumption of relatively low energy of the injected excitations i.e. weak
nonequilibrium and, thus ignoring electron —electron interactions, which
are essential for quasiparticles of large energies, and also assuming that the
superconducting layer is “thin” i.e. phonon escope time is independent of pho-
non energy. Thus the applicability of [9] for actual generators and detectors
of phonons depends on the satisfaction of these assumptions.

The problem of a nonequilibrium supereconductor has not yet been solved
for the general case, and it is not therefore possible to present a general model
for a superconducting generator and detector of phonons.
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Application of superconducting tunnel junctions for the generation and
detection of incoherent phonons was developed in early 1970°s [5, 12, 14-20].
In this paper we present the results of the experimental investigations related
to the technique of manufacturing superconducting tunnel junctions and the
results of the observations of the current-signal characteristics of two identical
junctions on a sample of Al,O, (corundum) operated with low modulation
of the generator current [5]. These results are compared with the published
experimental investigations and with the theoretical predictions.

2. The superconducting tunnel junction as a generator and detector of phonons

The papers concerning the application of superconducting tunnel junctions
for the generation and detection of phonons, in addition to the results of experi-
mental investigations, have also presented same attempts to build a theore-
tical model of such devices in- order to calculate the spectrum of the emitted
phonons and the transmission characteristics. The calculations of the spectrum
of the emitted phonons [13, 14], and of the transmission characteristics of tunnel
generator —tunnel detector system [16] were performed on the basis of a model
of a equilibrium superconductor at zero temperature [21]. This required the
assumotion of a negligibly low density of injected excitations compared to the
equilibrium density, and also that the phonons produced in the relaxation
and recombination of the excess quasiparticles are not trapped.

In [19] and subsequently in [5], a quantitative description of the generator
detector system was based on the balance equations [7] and on a simplified
model of the generator and detector, assuming three possible energy levels
for the quasiparticles and the same functions for the density of the quasiparticles
and phonons as for an equilibrium superconductor, which in consequence gave
an “artificial” root singularity in the “theoretical curves”.

In the case of moderate quasiparticle injection generator current and
relatively low temperatures good agreement of the calculated and experimental
results was achieved for Al—I—Al [15] and Pb—I—Pb [19] junctions,
while in the case of Sn —I—8n junctions the discreponcy was significant [5].

A description of a nonequilibrium superconductor was attempted in [18],
using discrete levels for the states of the quasiparticles and phonons, and on
the basis of detailed balances of the velocities of escape and scattering of pho-
nons and of pair breaking by phonons the energy spectrum, i.e. the width
of the recombination peak of the phonons emitted by a tunnel generator operated
in the low intensity range V < 44/e (where 24 is the width of energy gap,
and e is the charge of the electron) was found by numerical calculation.

The calculated results were compared with the experimental results for
a Sn —I—8n junction and gave good agreement.

The phenomenon of resonance absorption of phonons by the donor levels
of Sb in a uniaxially stressed smaple of Ge: Sb was used in [5, 16] for an experi-
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mental determination of the spectrum of the phonons emitted by the supercon-
ducting tunnel junctions.

The problem of an appropriate and full theoretical model for superconduct-
ing generator and detector of phonons has not yet been solved to the authors
knowledge and thus the first stage of the investigations undertaken was limited
to an experimental investigation. It seems, however, that the approach proposed
in [9, 22] may prove fruitful in theoretical analyses.

3. The experimental investigation of a system of tunnel junctions

The superconducting tunnel junctions used for the generation and detection
of phonons are usually made of tin (Sn) [2, 5, 13, 18], lead (Pb) [16] or aluminium
(Al) [15]. The use of aluminium, requires a working temperature below 1K,
because of its relatively low critical temperature and this causes some technical
difficulties. Junctions made of tin and lead can work effectively at slightly
higher temperatures, with the former giving a better signal to noise ratio in
the measurements, because of the lower recombination velocity, compared
to that of lead. Tin tunnel junctions were therefore used in the present investi-
gations. The junctions had the form of two thin layers, 2000 A thick, between
which there was a dielectric barrier of tin oxides (Sn,0,) approximately 20 A
thick. The surface area of the junction was 1 mm?2 The sample was a single
corundum crystal (Al,0,) of dimensions 7 x7 x4 mm?® Thin layers of Sn were
deposited successively in a vaccuum apparatus, and the oxide barrier was
obtained by oxidining the first (bottom) layer of Sn in the atmosphere, with
the barrier thickness being controlled by varying the time of oxidation.
In the normal state, the resistances of the junctions prepared did not exceed
0.3 Q. The junctions were placed on the largest opposite sides of the sample
perpendicular to the ¢-axis of the single erystal. The sample with the junctions
is shown in Fig. 1. The sample with the junctions was clamped, providing
electrical connections, and the whole was placed in a metal eontainer immersed
in liquid helium. A typical cryostat equipped with a booster pump was used,
in which temperatures from 4.2 K to 1.8 K were obtained by helium evapo-
ration.
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Investigation of the tunmel junctions

The investigations of the current-voltage characteristics of the manu-
factured junctions were performed by the four point method using an X-Y
recorder. The aim of these measurements was to examine the correctness of the
junction fabrication and to find the point on the characteristic at which the
junction would be operated as phonon detector, i.e. the voltage V < 24]/e
in the vicinity of which the I(V) characteristic is approximately most linear.

An example of the I(V) characteristic of a junction operated at a tempera-
ture of 1.8 K used for both phonon detection and generation is shown in Fig. 2.
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Fig. 2. The current-voltage characteristic
of the 8n —(Sn,0,) —Sn junction at a tempe- T i Pl
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From the current-voltage characteristic of a junction the width of the
energy gap can be evaluated and for the characteristic shown in Fig. 2, 24 =
= 1.2 meV. Since all the Josephson effects occurring in a superconducting
tunnel junction can be suppressed by the application of a low magnetic field
parallel to the superconducting layers, thus reducing the “zero current” of the
detecting junction, the influence of a low magnetic field on the current-voltage
characteristic of fabricated junctions was determined. The results of these
investigations are shown in Fig. 3. It can be seen in the figure that for H =
= 40 A/m the “zero current” decreases more than three times. As a result
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of the dependence of the width of the superconduction energy gap on the magni-
tude of the parallel magnetic field, it is possible to tune the energy threshold
of the tunnel phonon detector by applying the magnetic field. In an analogous
manner, the spectrum of the phonons emitted by the tunnel generator can be
affected. These possibilities were sugested in [14], although it was noted that
the blurred energy gap, caused by the magnetic field occurs. Thus, the influence
of a relatively strong magnetic field on the current-voltage characteristic of
the junction was investigated. This is illustrated in Fig. 4. A magnetic field
of 3000 A /m induced a decrease in the energy gap of approximately 30 percent.

The investigations performed show that the junctions had *correct”
current-voltage characteristic both without an external magnetic field and in
the presence of a magnetic field. The “zero current” of these junctions (i.e. the
current for V < 24/e) was, however, much higher than the “zero current”
of the similar junctions used, for example, in [5, 23]. This may have been caused
by a slightly higher working temperature, and also by the possible existance
of “point” breakdowns of the isolating barrier.

Investigation of the transmission characteristies

In the investigation of a superconducting phonon generator — material
sample — superconducting phonon detector system, two basic methods have
been used: the pulse method, connected with the measurement of the phonon
arrival times and the separation of the individual phonon modes; and the
method of the measurement of transmission characteristics, connected with
the integration with respect to time of the phonon modes that occur. Both
methods have been used in the investigation of systems with superconducting
tunnel junctions [2, 13, 14, 18, 20], with fairly detailed description of a typical
measurement set being given in [5]. In the present paper, only the transmission
characteristics in the form of the dependence of the derivative of the detector
signal with respect to the generator current dS/dI;, on the generator current I,
have been investigated. The schematic diagram of the measuring system is
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Fig. 5. A block diagram of the measuring system

1 — digital voltage indicator, 2 — electromagnet supply, 4 s i e | +
3 — bias source, 4 — saw-tooth voltage generator,
& — the sample with junctions, 6§ — electromagnet, 7 —
phase sensitive detector, 8 — low-frequency generator, e

9 — X-¥ recorder

shown in Fig. 5. The generating junction was biased from a current source
with a saw-tooth waveform, whose rise time was adjustable over the range
5 to 50 s, and amplitude over the range 0 to 2 A. A small a.c. signal with a frequ-
ency of approximately 130 Hz was superposed on the saw-tooth bias. The
detecting junction was biassed by a d.c. voltage corresponding to the earlier
determined working point of the junction and was connected with a phase
sensitive detector adjusted to the frequency of the a.c. generator current modu-
lation. The connection of the input X of the recorder with the source biassing
the generating junction and of the input ¥ with the output of the phase sensitive
detector permits direct recording of the characteristics under investigation.
An example of the transmission characteristic is shown in Fig. 6. It can be seen
from Fig. 6 that over the range of generator currents, I, from 1 mA to 60 mA
corresponding to voltages 24 /e < V < 44 /e the derivative of the signal rises
slightly, nearly linearly with increasing current. The jump in the derivative,
whose slope depends on the magnitude of the modulation of the generator
current and corresponding to a generator voltage V = 44 /e, occurs at a eurrent
Iz = 60 mA. For currents I; between 60 mA and 90 mA corresponding to
voltages 44 /e < V < 64/e the derivative of the signal is nearly constant. As
the current increases above 90 mA, which corresponds to the voltage range

dS/dl,
[arbit.unitsj
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Fig. 6. The characteristic dS/dIy as a function of the generator current for a system of two
identical 8Sn —SnO —S8n junctions at T' = 1.8K
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V > 64/e, the derivative of the signal increases monotonically at a varying
rate, with a maximum slope for I, —90 mA, ie. V = 64/e.

The experimentally determined transmission characteristics are basically
in agreement with the characteristics expected from a rather qualitative ana-
lysis of the performance of a system of junctions, and also in agreement with
the characteristics measured in [2,5]. Some differences from the expected
curve, and also from the characteristic measured in [18], involving a slight
monotonical rise of the derivative for generator voltages 24/e < V < 44]e,
and the absence of a local minimum of the derivative over the voltage range
4Aje < V < 64]e most probably results from the resistance of the junctions
in the normal state being much higher than in [18], and from a much higher
“zero current” of the junctions used, which in turn is connected with the much
higher working temperature of the system compared to that in [18] and to un-
damped Josephson effects. The sensitivity of the measuring apparatus used,
the magnitude of the signal modulating the current of the junction and the
electrical matching of the individual elements of the measuring system may
also be of some significance.

The authors wish to thank the Director of the Physics Institute of Polish
Academy of Sciences for providing the possibilities of performing the experi-
ments and Grzegorz JunNe for fabricating the tunnel junetions.

References

[1] W. EISENMENGER, Emission, absorption and propagation of acoustic THz waves in solids,
Archives of Acoustics 4, 2, 141-156 (1979).

[2] W. EISENMANGER, A. M. DAYEM, Quanium generation and detection of incoherent phonons
in superconductors, Phys. Rev. Lett., 13, 4, 125-127 (1967).

[8] H. KINDER, Phonon generation by the a.c. Josephson effect, Phys. Lett., 36A, 5, 379-380
(1971).

[4] V. Naravanamurti, R. C. Dy~NES, Intense tunable phonon fluorescence in superconduc-
tors, Phys. Rev. Lett., 27, 7, 410-413 (1971).

[5] R. C. Dynes, V. NARAYANAMURTI, Phonon fluorescence in superconductors and the
propagation characteristics of high-frequency phonons in Ge: 8b and Al,0,: V3+, Phys.
Rev., 6B, 1, 143-171 (1972).

[6] W. H. PARKER, W. D. Wirriams, Photoexcitation of quasiparticles in nonequilibrium
superconductors, Phys. Rev. Lett., 29, 12, 925-927 (1972).

[7] A. Rotawort, B. N. TAYLOR, Measurement of recombination lifetimes in superconductors,
Phys. Rev. Lett., 19, 1, 17-30 (1967).

[8] A. Roraworr, G. A. Sar-Harasz, D. N. LANGENBERG, Quasiparticle lifetimes and
microwave response in nonequilibrium superconductors, Phys. Rev. Lett., 33, 4, 212-
215 (1974).

[9] J-J. CmanNg, D. J. ScarariNo, Kinetic-equation approach io nonequilibrium super-
conductivity, Phys. Rev., 15B, 5, 2651-2670 (1977).

[10] 8. B. Kapran, C. C. Cur, D. N. LANGENBERG, J-J. CHANG, S. JAFAREY, D. J. ScAra-
PINO, Quasiparticle and phonon lifetimes in superconductors, Phys. Rev., 14B, 11, 1,
4854-4873 (1976).




GENERATION AND DETECTION OF HYPERSON IC VIBRATIONS 259

[11] C. 8. OwexN, D. J. ScavariNo, Superconducting state under the influence of external
dynamic pair breaking, Phys. Rev. Lett., 28, 24, 1559-1562 (1972).

[12] W. H. PARKER, Modified heating theory of nonequilibrium superconductors, Phys. Rev.,
12B, 9, 3667-3672 (1975).

[13] H. KinpER, K. LaszMan, W. EISENMENGER, Phonon emission by quasiparticle decay
in superconducting tunnel junctions, Phys. Lett., 31A, 8, 475-476 (1970).

[14] H. KiNDER, Spin-phonon coupling of AlLO, and V3+ by quantitative spectroscopy with
phonons, Zeitschrift fiir Physik, 262, 4, 295-314 (1973).

[15] A. R. Loxg, C. J. Apkins, Transfer characteristics of phonon coupled superconducting
tunnel junctions, The Philosophical Magazine, 27, 4, 865-882 (1973).

[16] R. C. Dy~ms, V. NARAYANAMURTI, M. CHIN, Monochromatic phonon propagation
in Ge: Sb using superconduclting tunnel junctions, Phys. Rev. Lett., 26, 4, 181-184
(1971).

[17] H. J. Trumpr, K. LaszmaN, W. EISENMENGER, Transition of 280 GHz phonon from
superconducting tunnelling junctions into liquid helium and silicon, Phys. Lett., 41A,
5, 431-432 (1972).

(18] A. H. DayewMm, J. J. WIEGAND, Emitted phonon spectrum and its influence on the detected
signal in superconducting Sn diodes, Phys. Rev., 5B, 11, 4390-4403 (1972).

{19] A. H. Dayewm, B. I. MitLER, J. J. WiEGAND, Phonon generalion and detection in super-
conducting lead diodes, Phys. Rev., 3B., 9, 2949-2961 (1971).

[20] H. KINDER, Speciroscopy with phonons on Al,04: V3+ using the phonon bremsstrahlung
of superconducting tunnel junction, Phys. Rev. Lett., 28, 24, 1564-1567 (1972).

[21] L. TEworDpT, Life times of quasi-particles and phonons in superconductors at zero tempe-
rature, Phys. Rev., 127, 2, 371-382 (1962).

[22] J-J. Cmaxa, D. J. ScarariNo, Tunnelling as a probe of nonequilibrium superconducting
states, Phys. Rev., Lett., 37, 9, 522-526 (1976).

[23] P. Hu, R. C. Dy~NEs, V. NARAYANAMURTI, Dynamics of quasiparticles in superconduc-
tors, Phys. Rev., 10B, 7, 2786-2788 (1974).

Received on March 20, 1980.



