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A new phonon-detection technique utilizing superconducting tunnel junctions is introduced. In
this technique the high-frequency phonons emitted from a generator are detected by a superconduct-

ing sensor placed apart from it by a thin layer (& 100 pm) of hquid helium. The sensor is either a

single-tunnel junction or a double-tunnel junction. The phonon signal increases nonhnearly with an
increase of generator current. In the case that a double-tunnel-junction sensor is used, the inform-
tion on the energy spectrum of the transmitted phonons is obtained by varying the detectable pho-
non cutoff energy by quasiparticle injection, For the phonons emitted from a superconducting tun-

nel junction, a clear change at the phonon cutoff energy equal to the generator gap is observed. The
spatial scanning spectroscopy with a spatial resolution of 20 pm is performed by moving a sensor

relative to the generator. The observed phonon spatial distribution has a periodically modulated

structure for the superconducting tunnel generator accompanying a diffusive instability. The limits

and applications of this technique are also discussed.

I. INTRODUCTION

The emission and detection of high-frequency phonons
utilizing superconducting tunnel junctions has been going
on for many years. ' In most of these experiments, a gen-
erator and a detector are mounted on the two opposing
surfaces of a single crystal such as sapphire or germani-
um. The phonons emitted from the generator pass
through the single crystal and are detected by a supercon-
ducting tunnel detector. With this spectroscopy, two
types of methods of obtaining information on the phonons
were developed. Qne was time-of-fhght measurement,
and the other was dc measurement with changing genera-
tor current. Both measured important properties of pho-
nons in nonequilibrium superconductors. For the mea-
surement of the phonon energy distribution, stress-tunable
phonon spectroscopy was developed, which enabled us to
study the 2h-~honon emission from a superconducting
tunnel junction and from a Josephson junction.

In this paper, we introduce a new phonon spectroscopy
technique different from the above method. In our
method, the phonons emitted from a generator are detect-
ed by a superconducting tunnel junction separated from it
by a thin layer of liquid helium. Several features of this
method are stated as follows: (i) The spatial distribution
of the emitted phonons is measurable since a generator
and a detector may be mounted on different sample stages
which are independently movable. In fact, we have al-
ready reported the measurement of the spatial distribution
of phonons from the multiple-gap states of nonequilibri-
um superconductors, due to a quasiparticle-injection-
induced instability. ' (ii) The detection efficiency of the
emitted phonon power is high when the generator-detector
separation is made small ( &100ism) due to small at-
tenuation of phonons in liquid helium. (iii) The spectro-
scopic study of incident phonons on a detector (or sensor)
may be performed using a gap-tunable phonon sensor by
quasiparticle injection. In this case, the sensor is made of

a double-tunnel-junction structure in which one junction
serves as an injector of quasiparticles into a middle film.
This method applies to the detection of phonons not only
from superconductors but also from metals or semicon-
ductors in the nonequilibrium state.

In Sec, II, the principle of phonon detection is
described, and in Sec. III, we calculate the phonon-sensor
sensitivity. The experimental arrangement is described in
Sec. IV, and Sec. V is devoted to the experimental results
and discussions. Section VI finally states the advantages
of this phonon spectroscopy and its future aspects.

II. PRINCIPLE OF PHONON DETECTION

Figure 1 illustrates the principle of phonon detection.
Physically, the emitted phonons from a generator passing
through the film-helium boundary propagate with some
attenuation or are completely converted to other excita-
tions in the superfluid helium due to collisions with the
excitations present. In any case, the excitations which
reach the surface of a sensor film again interact with the
helium-film boundary and are injected into a sensor film.
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FIG. 1. Principle of phonon detection. The phonon sensor
can be a single- or a double-tunnel junction.
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Those phonons with energy greater than the sensor gap
are capable of pair breaking in a film, and the correspond-
ing signal is detected by the sensor junction. As a phonon
sensor, we use a S-I-S or a S-I-N junction (S: supercon-
ductor, ¹ normal metal, I: insulator} for the phonon in-

tensity measurement and a S-I-S-I-S or a S-I-S-I-N
double-tunnel junction for obtaining the spectral informa-
tion. The sensor gap is equal to its thermal equilibrium
value 25,~ in the case of no injection from an adjacent in-
jector and is equal to the nonequilibrium value 25,' in the
case of injection. Hence, for phonon spectroscopic study,
sensor films are exposed to dual injection of quasiparticles
and phonons from an adjacent injector and a generator.
The signal from an injector is generally much greater than
that from a generator.

Suppose that the nonequilibrium phonon distribution in
a generator film is given by n(ai). Then the phonons
emitted from the generator in the frequency range
(ai, &0+des) per unit time become proportional to

n(a)) n(a), —T)
C0 dc',

Iph&, .
for 5N'«N',

2RN'~s
(2)

where X' is the steady-state quasiparticle number density
by injection from an adjacent injector only, R is the quasi-
particle recombination coefficient, ~a is the phonon pair-
breaking tiine, and v, is the phonon escape time of sen-
sor films. Assuming the linear relation M, '
=—5X /2X(0), where X(0) is the single spin density of
states at a Fermi level, ~e obtain

5b„'=S'I „, S'=
Ps

(3)

where ~„=1/(AN ) is the quasiparticle recombination
time in the nonequilibrium state. When the sensor film is
in the thermal equilibrium state (b, =5~},6,', ~a, and
~z in (3) should be replaced by h~, raT, and ~aT, the

where n(co, T} is the thermal equilibrium phonon distribu-
tion at an ambient temperature T. We have assumed that
the phonon density of states is proportional to r0 . ~~ I is
the phonon escape time of generator films, approximately
given by 4dlrlc„where d is the total film thickness, c, is
the sound velocity, and i) is the average phonon transmis-
sion probability through the film-helium boundary. In
this approximation, the effect of Kapitza boundary resis-
tance is simply included in the factor g. If the film sur-
face is smooth, the direction of the emitted phonons at the
initial stage is confined within a narrow cone determined
by the critical angle 8,=5', since the sound velocity in su-
perconductors is much greater than that in liquid helium.

On the other hand, if a sensor film is exposed to a pho-
non injection rate of I~h, the increase in the quasiparticle
number density in the steady state is calculated using the
Rothwarf-Taylor equations to give

' 1/2

5X'= X"+ ' "'I hw

Erg

quantities in the thermal equilibrium, respectively. Then
S' is replaced by its thermal value S,

S=- ~es,s ~8.T

2N(0)rsT
(4)

III. CALCULATION OF SENSOR
SENSITIVITY AND PHONON SIGNAL

For an S-I-S junction, there are two methods for
detecting the phonon signal, as illustrated in Fig. 2. One
method is to detect an increase in the quasiparticle
current, the other is to detect the gap reduction directly at
the current-rise portion of the I-V characteristic curve. It
is clear that the former method has a much higher sensi-
tivity than the latter. The latter method provides, howev-
er, a simple analysis for the spectroscopic measurement

The factors S' and S are determined by the quantities
only characteristic of a sensor film; hence, they represent
the sensor sensitivity when the gap is directly measured.

As for the nature of transmitted excitations, it is possi-
ble to conjecture second sound or ballistic ultrahigh-
frequency phonons or other types of excitations. In our
experimental temperature range (1.3 K & T & 2.0 K),
however, it is natural to consider second sound since the
phonons are expected to interact very strongly with the
excitations such as phonons or rotons in superfluid heli-
um. The nonequilibrium phonons in a generator are pro-
duced by dc transport current in this experiment. Hence,
second sound of low frequency and large amplitude would
be expected.

Suppose that the transmitted excitations would be
second sound. Because of the thermal nature of excita-
tions, the original phonon spectral shape would be com-
pletely lost and the detected phonon spectrum would show
a simple Planck distribution. For the measurement of
phonon intensity from a generator, this matter causes al-
most no problem, since the integrated energy flux is mea-
sured. For the measurement of the spatial distribution of
phonons, it will also give a sensible result, provided that
the separation between the generator and the sensor is
made comparable to or smaller than the spatial scale of
the inhomogeneous distribution. For the spectroscopic
measurement, as stated above, only the information on the
incoming temperature wave will be obtained. As shown
later, however, the experimental data showed a significant
deviation from the thermal spectrum in the case where a
superconducting tunnel junction was used as a generator.
This means that the spectral information of a generator is
still kept, to some extent, for some other reasons. This
may be attributed to the special situation, where second
sound was confined to the narrow-gap region in our ex-
periment, or to the partial involvement of the excitations
different from second sound, such as ultrahigh-frequency
ballistic phonons (e.g., 26 phonons in tin have an energy
of 13 K comparable to the maximum energy in the spec-
trum of the elementary excitations in liquid helium) or
other types of excitations. Unfortunately, it is quite diffi-
cult to perform the time-of-flight measurement in our ex-
perimental arrangement to determine the nature of excita-
tions due to the cross-talk problem.
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(&) s-t-s (b,,q/ksT)'~ exp(b, ,q/kiiT)

and becomes considerably greater as the bath temperature
is reduced. For example, it becomes about 26 times
greater in going from T= 1.8 to 1.0 K.

On the other hand, in the case of an S I N-j-unction, the
phonon signal is detected as the change in the differential
resistance at zero bias voltage (see Fig. 2), which is calcu-
lated from the tunneling formula and Eq. (8). When

h~/ksT &&1, it becomes
r

V

I =6„'(2n.b,~kg T) ' exp(b, ,q /kJi T)SIpi, .

FIG. 2. Response of a sensor junction to incident phonons:
{a) S-I-Sjunction, (b) S-I-N junction,

because of direct detection of the gap value itself.
In the following discussion, we consider the case in

which the sensor films are in the thermal equilibrium
state. The tunnel current for an S I Sjun-cti-on is given
by

—~Ni(0)Nz(0) J pi(E)pi(E+eV)

X[f(E) f(E+eV)]d—E, (5)

where V is the bias voltage of a sensor-detector junction
and f(E ) is the quasiparticle distribution function.
p(E }=

~
E

~
/(E —h~)'~i is the BCS density of states and

the subscripts 1 and 2 refer to two superconducting films
of a junction. A is proportional to the tunneling probabil-
ity and is connected to the normal conductance by the re-
lation G„=AN i(0)Nz(0). The increase in the quasiparti-
cle current due to the phonon injection rate I~s is calcu-
lated from Eq. (5), which, for b~/k+T &&1, is approxi-
mately given by

5I~=G„g( V)SIpi, /e,
eV+b~

g(V)=
[eV(e V+ 2b ~)]'~2

where we used the relation 5N'=2N(0}SI~s. Then the
phonon signal in terms of the voltage change is obtained
as

where f, (E) and n, (co) are the nonequilibrium quasiparti-
cle and phonon distribution functions of a sensor film,
respectively. Then S' is given by

S
2N(0)(w~ )

(12)

Equations (7)—(9) also hold for the case where sensor
films are in the nonequilibrium state by quasiparticle in-

jection from an adjacent injector if we replace T, b,~, and
S by T', b,,', and S', where T' is some effective tem-
perature. The condition b,,'/AT'»1, however, does
not hold when 6„' is significantly smaller than h~; in that
case, the analysis of 5V or 5(dV/dI), „becomes compli-
cated. In this sense, the direct measurement on 56,' is not
affected by the above condition and provides simple infor-
mation.

Now we discuss how the S' or S factors are calculated
theoretically. Since the S' and S factors depend on the
quasiparticle recombination time and the phonon pair-
breaking time, which are generally dependent on energy,
distribution function, and bath temperature; in order to be
adapted to the energy-independent rate equations, we in-
troduce the average value of the quasiparticle and phonon
lifetimes over energy as follows:

(rz ) '= f, ~q(E) 'f, (E)p(E)dE f,f,(E)p(E)dE,
S S

(10)

(re &
'=— rs(r0) 'n, (~)ei'd-co n, (ei)ro'dpi,

2Z,' zs,'

5V=6„g( V)SIpb,
dV

where (d V/dI) is the differential resistance in the super-
conducting state. g(V) is weakly dependent on V for
b,~/e & V&23~/e and roughly equal to 1.

In the case where the gap change is directly measured,
we have

i
5b,,' [ =SIps .

A comparison between Eqs. (7) and (8) shows that the
measurement of 5V has a better sensitivity than that of
M„' by a factor of G„(dV/dI), which is proportional to

where the phonon escape time was assumed to be indepen-
dent of energy. The average lifetimes (~s) and (~~}
have been very recently calculated in the cases of the p'
and T models. ' In Fig. 3, we show the calculated re-
sults of 2N(0)v, S'=(rx)I(re) as a function of the
nonequilibrium gap parameter 5, . %hen 5, =A,q, it
gives the S value. The function first decreases very rapid-
ly with an increase of quasiparticle injection owing to ra-
pid shortening of the quasiparticle recombination time,
then decreases slowly. It is surprising that the behaviors
for the p and T models are almost the same, although
these two models are based on opposite physical situations
(r~, /(vs ) && 1 and ~~, /(iii }&& 1) from each other.
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FIG. 4. Calculated phonon signal in terms of sensor gap

reduction as a function of the normalized sensor gap parameter
6, /b~ at T/T, =0.44 when the generator effective tempera-
ture is T /T, =0.47. Note that, for the calculation, the experi-
mental S factor (Fig. 7) was assumed.

FIG. 3. Sensor sensitivity factor as a function of normalized
nonequilibrium gap parameter 5, /h~ for the T and p,

models.

Next we discuss how the S' factor is related to the ex-
perimentally measurable quantities. This is important
since it provides more real information on S'. First we
obtain the curve for b,,' versus the injected power P, using
quasiparticle injection from a sensor injector only, from
which the relation between dh,' /dP and 5,' is obtained.
Now, if there were an extra phonon power injection P'
from a generator in addition to quasiparticle injection, the
expected gap decrease M,' would be nearly equal to
(dh,' /dP)P'. On the other hand, we have the relation-
ship 56,' =S'I~h, hence,

S' =(db„* /dP)P'/I~h .

P' is approximately equal to 26,'Izh and finally we obtain
S'=26„'(dh,'/dP), where the quantities on the right-
hand side are obtained purely experimentally.

Using the S' factor obtained above, we now try to cal-
culate the expected phonon signal in terms of gap reduc-
tion in a sensor film as a function of the sensor nonequili-
brium gap parameter 6,'. %hen a generator is a current-
carrying homogeneous metal film, the simple heating
spectrum is expected. This situation will not be changed
by propagation of the emitted phonons in terms of second
sound in superfluid helium. In this ease, from Eq. (1), I~h
becomes proportional to the following quantity:

where I is the second-sound attenuation factor and
n(co, T') is the phonon distribution function at the effec-
tive temperature T'. In Fig. 4, we show a calculated re-
sult when the sensor is a tin junction (26~=1.15 meV)
and T = 1.75 K and T=1.65 K. This applies to the

case where a thin NiCr film heater is used. The rapid de-
crease just below 6,' /5~=1 is simply due to the rapid
shortening of the quasiparticle recombination time by
quasiparticle injection in the S' factor

We also mention, that when a superconducting junction
is used as a generator and the original 2bs-phonon spec-
trum shape is assumed to be kept during propagation, the
calculation shows a slope discontinuity at b,,' =hs.

IV. EXPERIMENTAL

A phonon generator and a sensor were mounted on dif-
ferent sample stages which were independently movable.
These sample stages were controllable by a special gear
system, as illustrated in Fig. 5. One stage was movable
along the x and y axes and the other along the z axis, with
a spatial resolution of 20 pm, using the micrometers at-
tached outside the cryostat. The generator-sensor distance
was kept at 50—150 pm in order to obtain an appreciable
signal. Special care was taken in attaching the current
and voltage leads to the substrate, using silver paste. The
generator-sensor distance was measured by projecting
light on the strip line of the upper substrate with a given
angle and observing its shadow on the lower substrate.

As for a sensor, we used several types of junctions:
S-I-S (S:Sn), S-I-S' (S:Sn, S':Pb), S-I-IiI (S:Sn, Pb, In;
S: Cu coated with a thin NiCr film), S-I-S-I S(S:Sn), -

and S-I-S-I-N (S:Sn; ¹ Cu coated with a thin NiCr
film). The junctions were fabricated by subsequent eva-
poration and oxidation of films utilizing a set of metal
masks at room temperature. The film thicknesses were
2000—3000 A and the junction size ranged from 20X20
to 300&(500 pm .

As a generator, we used Sn-I-Sn and Sn-I-Sn-I-Sn junc-
tions for studying the phonons froin nonequilibrium su-
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FIG. 5. Schematic drawing of the driving system of the sam-

ple stages along the x, y, and z directions.

perconductors. For the double-tunnel-junction sample,
one junction was a phonon generator and the other junc-
tion served as a detector to check the superconducting
properties in the nonequilibrium state under quasiparticle
injection. For the detection of phonons from metal films,
we used a thin NiCr film of a few hundred A. The size of
a generator was 0.3—1.0 mm, always greater than the size
of a sensor used.

One might ask whether the phonons emitted from the
sensor injector could disturb the nonequilibrium state pro-
duced by quasiparticle injection of a generator, but it was
confirmed that their effect caused gap reduction less than
a few microvolts in the case of superconductors, hence
giving a negligible effect as compared with the gap reduc-
tion of several hundred microvolts caused by a generator
current.

P (W/cm')

FIG. 6. Typical behavior of sensor gap reduction against the
injected power density P for a double-tunnel-junction sensor.
The derivative of this curve (d 5, /dP) is also shown.

such analysis may be possible for the energy range
(2k~, -b,,q). Figure 6 shows that b,,' decreases roughly
linearly with P, but the deviation from linearity is clear,
indicating that the quasiparticle-injected state is not a
simple heating state. "

The average sensor sensitivity is about 90 peV/W/cm .
This gives that the gap reduction of 0.1 p,eV corresponds
to the input power density of 600 pW/cmi. This efficient
gap reduction comes from the high phonon trapping fac-
tor for tin films (about 20). If the response is measured in
terms of the voltage change in the excess current part, the
sensitivity is increased by about an order of magnitude at
T=1.6 K. By reducing the bath temperature, it is in-
creased by another order of magnitude. Hence the sensor
junction enables us to detect the input power density of a

25" dh
s dP

(a b. UnIts)

V. RESULTS AND DISCUSSION

A. Sensor junction characteristics

Figure 6 shows the behavior of the sensor gap reduction
when increasing the power density P injected into a
sensor-injector junction at T=1.6 K for a Sn-I-Sn-I-Sn
double-tunnel-junction sensor. The derivative dh,'/dP
versus I' curve is also shown. The detector I-V charac-
teristics under injection were sufficiently sharp down to
-0.55 mV but they smeared rapidly thereafter, indicating
a loss of sensitivity. Therefore, for phonon spectroscopy,

04

FIG. 7. Calculated curve of 26, {db„ /dP) 8* as opposed
to the normalized nonequilibrium gap parameter 5, /h~, based
on the data in Fig. 6.
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few pW/cm .
Figure 7 shows the quantity 2lk,'(db,' /dP)=S' calcu-

lated from Fig. 6 as a function of b,, /h, q. The qualita-
tive behavior is similar to the theoretical curve of S' (Fig.
3), but the experiment showed a more steeply decreasing
behavior for b,,' /6~&0. 9 and a more gradually decreas-
ing behavior for 5,' /5~ ~ 0.9.

Sg
(peV)

2h~= 0.975 mev

B. Phonon signal through hquid helium

The detected maximum phonon signal in terms of
power density when 5,' =5~ almost corresponded to 1%
of the injected power density into a generator, and gen-
eraBy it ranged from 10 to 10 . This ratio increased
by several factors when 5,' becomes significantly less than

Q'

Figure 8 shows the phonon signal in terms of gap
reduction as a function of generator current detected by a
Sn-I-Sn-I-Sn double-tunnel-junction sensor placed 80 pm
away from a thin NiCr film heater of a few hundred A
and R=SQ. The dissipated power of the NiCr heater at
I~ =30 IA eras 4.5 m% corresponding to the poorer den-
sity of 3W/cm2. The sensor gap was biased at three dif-
ferent values 2h,' = 1.15(=25~), 1.00, and 0.520 meV by
quasiparticle injection from the sensor-injector junction.
All curves exhibited qualitatively similar behavior. The
detected phonon signal was very small for smaller genera-
tor current but increased rapidly for larger current. The
calculated results based on the simple heating model
showed qualitatively similar behavior. We mention that

1.110mev Q

o
g o

1.3
i

1,7
l

1.8

T (K)

FIG. 9, Temperature dependence of the detected phonon sig-
nal in terms of sensor gap reduction for two different sensor
cutoff energies.

15—
T =).53)(

0

~

T=165K 4

~X~

yO

yO

1Q

FIG. 8. Dependence of the detected phonon signal in terms
of sensor gap reduction on generator current when the sensor

gap is 1.15 ( =2k~), 1.00, and 0.520 meV. 'Fhe inset showers the
calculated result based on Eqs. (3) and (13) for the case of
26, =1.00 meV.

200

Z (pm)

FIG. 10. Dependence of the detected phonon signal on the
generator-sensor distance z at two different bath temperatures.
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the phonon signal increased nonlinearly even against the
power. In the case of use of a superconducting junction as
a generator, the phenomena were found to be qualitatively
the same.

Figure 9 shows the temperature dependence of the
detected phonon signal in terms of gap reduction for a
given generator current when the generator was a Sn-I-Sn
tunnel junction. The sensor-injector junction was biased
at a sufficiently high current value so that the factor S
might be almost independent of the variation in bath tem-
perature and its dependence could be considered as arising
solely from the change in phonon transmission in super-
fiuid helium. The phonon signal increased very rapidly
with reducing bath temperature. Similar behavior was
also observed for the phonons emitted from a NiCr film
heater.

Figure 10 shows the measurements on the phonon sig-
nal as a function of the generator-sensor distance z at two
different bath temperatures when 5,'=b„q. The results
suggest that the attenuation is well approximated by an
exponential function.

C. Information on spectral distribution
of transmitted phonons

In order to obtain information on a phonon spectrum,
we have measured the phonon signal in terms of gap
reduction as a function of the sensor nonequilibrium gap
2b„' utilizing a double-tunnel-junction sensor. The non-
equilibrium gap was tunable from Zlk~ down to -0.4b,~.
For 2b,,*&0.4b,q, the gap structure in the sensor-detector
I-V characteristics rapidly smeared out as mentioned.
The frequency range for which the spectroscopic study
may be performed depends on the superconducting ma-
terial used, i.e., the superconducting energy gap. For a Sn
sensor, the phonons in the frequency range 120—280 GHz
may be studied, whereas for a Pb sensor, those in the
range 280—630 GHz may be done. Therefore the use of a
combination of sensors provides a wide range of informa-
tion on the phonon spectrum.

Figure 11 represents the spectroscopic data observed for

the phonons emitted from a thin NiCr film heater of area
400X400 pm carrying the transport current of 30 mA
utilizing the Sn sensor of 200X200 pm . Upon reducing
the sensor gap 2b,,', the phonon signal first decreased a lit-
tle, then increased nonlinearly with a positive curvature.
For 2b„' & 0.45 meV, the signal rapidly dropped off due to
a loss of sensitivity. The observed result quite resembles
the calculated one given in Fig. 4, suggesting the simple
Planck distribution of phonons as expected.

Figure 12 shows an example of the detected phonon sig-
nal from a superconducting tunnel junction. The genera-
tor had a Sn-I-Sn-I-Sn double-tunnel-junction structure.
The junction area was 300X 500 p.m and the sensor size
was 30X70 pm . The generator junction was biased at
Vs =54 mV. The phonon signal was detected at two dif-
ferent positions above the generator surface and both mea-
surements yielded almost the same behavior. The rapid
decrease of the signal just below b,,'=b„q was again ob-
servable in this figure, suggesting the effe:t of rapid shor-
tening of the quasiparticle recombination time as judged
from Fig. 4. About 2h,'=0.7 meV, corresponding to the
nonequilibrium generator gap 2bg,' however, a qualita-
tively different feature from Fig. 11—a clear change in
slope —was observed. The results suggest that the
phenomenon cannot be interpreted solely within the pic-
ture of second sound.

D. Spatial distribution of nonequilibrium phonons

Detection of the spatial distribution of phonons was
performed by moving the sample stage along the x and y
axes. We have investigated the case when the generator
was a thin NiCr film heater or a superconducting tunnel
junction. For the latter case, the phonons emitted from
the multiple-gap states of a nonequilibrium superconduc-
tor " and local inhomogeneities were detected. The
sensor size was typically 20X20 hami for a single-tunnel

I-GENERATOR
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FIG. 11. Detected phonon signal in terms of sensor gap
reduction as a function of the sensor nonequilibrium gap 2h,
when the generator is a thin NiCr film heater.

FIG. 12. Detected phonon signal in terms of sensor gap
reduction as a function of the sensor nonequilibrium gap 2h,
measured at two different positions when the generator is a su-
perconducting tunnel junction.
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FIG. 13. Detected phonon signal in terms of sensor gap
reduction as a function of position when the generator is a thin
NiCr film heater.

junction and 30)(60 pm for a double-tunnel junction.
The generator-sensor distance was around 80 p,m.

When the generator was a thin NiCr film strip, the spa-
tial distribution of the emitted phonons across the film
(width: 0.5 mm), measured in terms of sensor gap reduc-
tion, was found to be quite fiat, indicating the homogene-
ous emission of phonons from the NiCr film heater (Fig.
13).

Figure 14 shows the results for the detected phonon sig-
nal from the multiple-gap states of nonequilibrium super-
conducting tin films utilizing the In, Sn, and Pb sensors.

The sensor gap was in its thermal equilibrium value 2k~,
i.e., 1.05 meV for In, 1.15 meV for Sn, and 2.60 meV for
Pb. The sensor was an S-I-N —type junction (¹Cu) in
this case and the phonon signal in terms of the differential
resistance at zero bias voltage was measured with and
without the generator current, using a lock-in amplifier at
a certain position. The net response of the phonon signal
as a function of position corresponds to the data in Fig.
14. In contrast to the case of a NiCr film heater, a clear
spatial structure, which was periodic, was seen for each of
the sensors used. The spatial scale of an instability due to
quasiparticle injection for tin was about 100 pm. This is
in order-of-magnitude agreement with the calculated re-
sults. ' ' The periodic structure was very much pro-
nounced when a Pb sensor was used. Use of an In sensor,
which means the reduction of the detectable phonon cut-
off energy, yielded a relatively weak modulated structure,
although the phonon signal became significantly greater.
This tendency was also observed for the experiments util-
izing a double-tunnel-junction sensor. When b„' =b,~, the
periodic structure was clear. On reducing the sensor gap
b,, below h~, the phonon signal increased but the period-
ic modulation became relatively smaller. These facts re-
flect that the periodic pattern may be formed by the pho-
nons with ultrahigh frequency (iric0&2. 6 meV) which
would induce an instability in a nonequilibrium system.
The lower-frequency phonons would mainly contribute to
form the background broad signal. By moving a sensor
along both the x and y axes, we may build up the contour
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FIG. 14. Detected phonon signal in terms of the change in
sensor differential resistance at zero bias voltage as a function of
position for three different sensors when the generator is a su-
perconducting tunnel junction inducing an instability by quasi-
particle injection.
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FIG. 15. Detected phonon signal in terms of the change in
sensor differential resistance at zero bias voltage as a function of
position when a weak spot is present in the generator junction.
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map for the phonon instability structure. We found that
the periodic structure was present along both the x and y
axes.

Finally, we show an example where there exists a weak
spot in a Sn-I-Sn tunnel junction in Fig. 15. As shown in
the inset, the generator I-V characteristic exhibited an
hysteretic behavior in this case. Several sensor sweepings
along the direction of the arrows, indicated a f, —were
performed. We found a sharp peak in the middle part of
one end of the junction. Affected by this peak, the whole
phonon structure appeared rather asymmetric, indicating
the influence of a heating effect which spread over the
whole junction. The data suggest the existence of a weak
spot in the area, shown by the hatched lines. The results
also show that our phonon-detection technique could
catch the localized phonons emitted from the small area,
ensuring the spatial resolving power.

VI. CONCLUDING REMARKS

We finally summarize the features and limits of our
new detection technique on ultrahigh-frequency phonons
and discuss future aspects of it. Firstly, the method pro-
vides a high-sensitivity detection of phonons. Although
the sensitivity of a superconducting tunnel sensor is the
same as for the case of usual phonon spectroscopy
through a solid, ' the fraction of the transmitted phonon
power from a generator to a sensor P~, /P, „, is of the or-
der of 10 2 —10 3 at T=1.7 K when rh, =b,q higher
than the other method, because the generator-sensor
separation distance can be made small. The ratio
Pq„ /P, „, is considerably increased by lowering the pho-
non cutoff energy 2b,,' and detecting more low-frequency
phonons. With a lowering of the bath temperature, both
the phonon transmission in liquid helium and the sensor
sensitivity are much improved. For example, for the sen-
sor sensitivity, the phonon signal 5V=1 pV, the voltage
change in the excess current part of the I-V characteristic,
corresponds to the incidence of phonon power of 300
pW/cm at T=1.7 K but 10pW/cm at T=l.OK. For
phonon transmission, Ps„ /P, „, is estimated to be about
0.1 at T=1.0 K. Hence, the generator power 100
pW/cm will yield the phonon signal of 5V=1 pV at
T= 1.0 K, corresponding to detection of a phonon power
of 10 ' W when the sensor junction of 1 pm in size is
used. To detect this small signal, however, it is necessary
to offset the operational point by an extra phonon source
such as a NiCr film heater, since the dependence of the
phonon signal on generator current (or power} is strongly
nonlinear, as shown in Fig. 8.

Secondly, the new phonon-detection technique provides
the spectroscopic study of incident phonons by tuning the
energy gap of' a sensor film by quasiparticle injection util-
izing a double-tunnel-junction sensor. In this work, we

mainly used the tin junctions and obtained the informa-
tion on a phonon spectrum in the frequency range
120—280 GHz. For a superconducting generator, a signi-
fican deviation from the thermal spectrum was obtained.
To get a more sensible result, however, it is better to
operate the system below T=0.6 K so that ballistic pho-
nons may be transmitted dominantly. Use of different su-
perconducting materials such as Pb, Nb, or Al provides a
wide-range detection of phonon spectral information. The
energy resolution is limited by the nonequilibrium gap
width which is generally around 56,' /h, q=0.04.

Thirdly, the method provides detection of spatial distri-
bution of phonons, provided that the gap between a gen-
erator and a sensor is made comparable to or smaller than
the spatial scale of the phonon inhomogeneous distribu-
tion. In this experiment, measurements with the spatial
resolution of about 20 pm were indeed attained using a
sensor of 20X20 p,m . To increase the spatial resolution,
it is necessary to reduce the size of a sensor junction and
to bring a generator and a sensor in closer contact as well
as to improve the mechanical driving system or to intro-
duce a new driving system. These improvements wi11 en-
able us to study the phonon spatial structure with the
resolution of a few pm. It is also advisable to reduce the
operating temperature below T=0.6 K to get a sharper
structure. The spatial measurements may be applied to
study the nature of an instability in nonequilibrium super-
conductors and inhomogeneities or imperfections in tun-
nel junctions, metals, or semiconductors, such as GaAs,
etc,

Fourthly, the response time of this method may be fas-
ter than the conventional methods of indirect detection of
phonons such as the photoacoustic technique. ' ' The
response time of a sensor is, in principle, determined by
the quasiparticle and phonon lifetimes of nonequilibrium
superconductors. For example, it is of the order of 10 ns
for Sn and of 1 ns for Pb if the phonon trapping effect is
included. s'2 The phonon propagation time in liquid
helium is, however, around 100 ns in the case of ballistic
phonons and around 1 p,s in the case of second sound.
Hence, the latter mainly determines the delay time.

As for the nature of the transmitted excitations through
liquid helium confined to the narrow-gap region, although
most of the results are consistent with the picture of
second sound, a few features have not been interpreted by
it. More theoretical and experimental work is needed
along this line.
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