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studied the Mdssbauer effect in K* using the
reaction K*(d, p) to populate the 29.4-keV level.
Their measurements, made at 78°K, indicated
no observable resonance with KBr and KOH
targets. With metallic potassium they observed
a resonance amplitude of about 1%, although
in the latter measurement there is some un-
certainty concerning the chemical form of the
source. These authors have speculated that
radiation-damage effects caused by the method
of production are responsible for their failure
to observe resonant absorption in insulators.
The isomer shifts for K, KC1, and KF (see
Table I) are essentially zero. Assuming elec-

tronic configurations of 3s23p%4s and 3s23p°®

for the metallic source and the KC1 absorber,
respectively, an upper limit can be established
for the change in nuclear radius, AR/R = (R, ,
-Rgnd)/Rgnd, between the ground and first
excited states of K*. The error limit of +0.4
mm/sec obtained for metallic potassium yields
a value of |AR/R|<0.004. K* consists of a
dg45-proton hole and an f,;,, neutron outside the
doubly closed-shell Ca*® nucleus. According

to Goldstein and Talmi* the odd nucleons cou-
ple together to form the 4~ ground state, a

3~ first excited state (29.4 keV), and two high-
er states with spins 27 and 57. On the basis
of this model one would expect no change in
nuclear radius as these particles are recou-
pled. Our results for AR/R are consistent
with this picture.

The authors wish to express appreciation
to the members of groups CMF-9 and P-2 for
making available much of the apparatus with
which this experiment was performed. They
are also grateful to S. L. Ruby and R. E. Hol-
land for communicating their results prior to
publication.
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In this Letter we present data on tunneling
between superconductors induced by transverse
microwave phonons. The coherent sound waves
give rise to an extra tunneling current, Al,
which depends strongly on the voltage bias across
the tunnel diode. The bias dependence for trans-
verse phonons is remarkably different from
that reported earlier® for longitudinal phonons.
Similarly, the dependence of Al; on the acous-
tic power is different for the two polarizations.
To the best of our knowledge this is the first
time that such a dependence on the phonon po-
larization was observed. Our results disagree
with those published recently by Lax and Ver-
non.?

The measurements were performed on Al-Pb
tunnel diodes deposited on one of the ends of
optically polished single-crystal rods. The
rods were 1 in. long with end faces parallel
to better than 6 sec of an arc. Sound waves
were excited in the rods using standard pulse-

echo techniques. Power from a microwave
transmitter, in the form of 1-pusec pulses,

was fed into a re-entrant cavity® resonating

at a frequency v =9.3xX10° cps. The ends of

the rods opposite the tunnel diode, 3 in. in di-
ameter, were inserted into the cavity. In the
early measurements sound waves were gener-
ated by surface excitation® using X- and AC -
cut quartz rods. To eliminate possible effects
due to the piezoelectric field associated with
the sound wave, measurements were also per-
formed on tunnel diodes deposited on [100] ger-
manium, and Z-cut quartz rods. In these cases
the sound waves were generated by overtone
resonant transducers bonded to the rods. The
results obtained with the two techniques were
in agreement.

The effect of the microwave excitation on the
tunneling current was detected by a low-noise
pulse amplifier. Coincident with the transmit-
ter pulse a large pulse was observed in the
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tunneling current. This pulse is due to the
direct interaction* of the tunnel diode with mi-
crowave radiation leaking out of the cavity.
The first current pulse due to the sound pulse,
Alg, was delayed by the time of flight of sound
through the crystal rod. Subsequent current
pulses, due to the sound-pulse echoes, were
observed separated in time by twice the time
of flight. As many as 21 current pulses due

to one microwave excitation pulse were detect-
ed. The amplitudes of the phonon-induced cur-
rent pulses were at least one order of magni-
tude lower than the current pulse due to the
leaked-out microwave radiation.

In Fig. 1 typical results of Al due to trans-
verse and longitudinal phonons are plotted (on
a relative scale) versus the voltage bias across
the tunnel diode. The curve for the shear waves
was obtained using an AC-cut quartz rod, while
that for the compressional waves by using a
Z-cut quartz rod with an X-cut quartz trans-
ducer. The shapes of these curves do not change
appreciably with power at the power levels
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FIG. 1. Typical bias dependence of the current
pulses, Alg, due to compressional and shear sound
waves, obtained with Al1-Pb tunnel diodes.’ The first
and second derivatives of the current-voltage charac-
teristics are also shown.
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available. Also shown in the Figure are the
derivatives dI/dV and d?I/dV? of the current-
voltage characteristics.® Al due to longitu-
dinal phonons closely follows d2I/dV? in all its
fine structure.® Al due to transverse phonons,
on the other hand, shows a totally different
behavior. The dependence of Alg on acoustic
power is shown in Fig. 2. The data in Fig. 2
were taken at the bias of 1.6 mV, where Al
is largest. The maximum acoustic power,
corresponding to 0 dB in the figure, was 10
mW. Al; was normalized with respect to I,
the current jump occurring at the bias qV = (¢,
+€,), where g is the charge of the electron and
2¢,, 2¢, are the energy gaps of the two super-
conductors. Measurements of Alg/Iy made
on diodes whose I, varied between 100 and 500
1A all agreed with the normalized curves shown
in Fig. 2.

Since Alg for longitudinal phonons is propor-
tional to d?I/dV?, it is convenient to define the
quantity

Veq2 = 2AIS /(d?1/dV?). (1)

Veq has the dimensions of voltage and can be
thought of as an equivalent voltage across the
diode due to sound absorption. Such an equi-
valent voltage can be derived using a simple
model in which the tunnel diode acts as a quan-
tum detector of sound. This interpretation is
analogous to that of Dayem and Martin,* but
using phonons rather than photons. The ab-
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FIG. 2. The power dependence of Al¢/I( for Al-Pb
tunnel diodes.



VOLUME 14, NUMBER 15

PHYSICAL REVIEW LETTERS

12 AprIL 1965

sorption of phonons of energy kv is expressed
by an extra voltage, hv/q, across the tunnel
diode acting on the excited electrons. This
voltage gives rise to an extra current:

Al = ()8 (kv /q)*(@?1/dV?), (2)

where 32 is the fraction of the tunneling elec-
trons excited by phonons. In Eq. (2) odd powers
of hv are assumed to cancel due to the presence
of stimulated emission, and the remaining even
powers are neglected. We also neglect multi-
ple-phonon processes. Equation (2) explains
the observed bias dependence of Al due to lon-
gitudinal phonons and yields for Veq

Veq2 =B (hv/q). ®3)

Veq attains its maximum value of 2v/q (38.5
uV at v=9.3X10° cps) at high acoustic powers
when all the tunneling electrons are excited.
The experimental value of Veq obtained from
Eq. (1) using the near-saturation value of AL/
I, measured at the highest powers is 38 pV in
agreement with the model. At low powers the
fraction 8 of excited electrons is proportion-
al to the acoustic power. Equation (3) thus pre-
dicts a linear dependence of Veqz on acoustic
power, which is in agreement with the exper-
iment.

Also, the values of 8? at these powers, esti-
mated from the ultrasonic absorption coefficient
and electronic relaxation time, are in reason-
able agreement with 8 determined from Eqgs. (1)
and (3).

To check the dependence of Alg on phonon fre-
quency, measurements were also performed
at 3.3x10° cps. The bias dependence of Alg
due to longitudinal phonons was found to be the
same as at 9.3X10° cps, but the values of Ve
were down by approximately one order of mag-
nitude. This again agrees with Eq. (3).

The experimental results for shear waves
cannot be explained on the basis of the above
simple model. It is thought that the different
behavior due to transverse phonons arises from
the magnetic field associated with the shear
wave. According to the calculations of Cullen
and Ferrell,” at microwave frequencies this
magnetic field is not screened out effectively
by the Meissner effect.

Lax and Vernon® performed measurements
similar to ours using a microwave signal mod-
ulated at 10° cps. The value they report for
Veq® at an acoustic power level of 0.1 mW is
25X107% V2, The value of Veq® determined
from our measurements, for the same acous-
tic power, is 1.6x107' V2 more than one or-
der of magnitude smaller. A likely explanation
for this discrepancy lies in the fact that the
measurements of the above authors were per-
formed using essentially cw microwaves, and
thus their observed AI4 may have been domi-
nated by the microwave leakage effect® described
previously. It seems reasonable that the mi-
crowave leakage effects were the same in both
experiments since the experimental configura-
tion used by Lax and Vernon® was very similar
to ours. The bias dependence! of such a pho-
ton-assisted tunneling is the same as that of
Al due to longitudinal phonons, namely, pro-
portional to d?I/dV?. This would also explain
the discrepancy in the bias dependence of Alg
due to transverse phonons. Whereas Lax and
Vernon?® report a proportionality to d2//dV? for
both longitudinal and transverse phonons, the
present results for transverse phonons are
markedly different.

We express our thanks to K. R. Keller for
making the ultrasonic bonds and for his help
with the microwave equipment, and to G. Weis-
barth for the preparation of the tunnel diodes.
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ducting shield. However, we determined experimen-
tally that the radiation leaks via the hole through which
the excitation rod is inserted into the cavity, and can-
not be blocked even by a thick (1-2 ) superconducting
shield.
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