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Transverse acoustic waves were generated electromagnetically at 9 GHz using thin indium
films on silicon substrates. We report measurements of the conversion efficiency o.'of elec-
tromagnetic into acoustic energy as a function of temperature, magnetic field, and micro-
wave power. The highest conversion efficiency found above the superconducting transition
temperature T~ of indium was 5&& 10 ' comparable to that of quartz transducers. Below T~
the conversion efficiency decreases rapidly and becomes magnetic field and microwave power
dependent. At low powers a good agreement was found between the experiment and the theory
of Abeles with respect to both the value and temperature dependence of n. This agreement
shows that the generation of the acoustic waves is due primarily to diffuse scattering of elec-
trons at the surfaces of the film. To fit the theory to the experiment we had to assume that
diffuse surface scattering persists below T, as well and thus we conclude that pair scattering
at the surface does not conserve momentum. In addition, our results show that G. is still ap-
preciable at temperatures well below T~ and thus transverse-phonon generation may possibly
be one of the important loss mechanisms in superconducting cavities.

I. INTRODUCTION

An electromagnetic field in the GHz region in-
cident on a metal film can generate a transverse
acoustic wave. The ions and electrons in the met-
al are accelerated by the electromagnetic field
within the penetration depth. For a clean thin
film at low temperatures, scattering in the bulk
can be neglected, and thus the interaction of the
electromagnetic field with the lattice ions may
result in the generation of an acoustic wave. There
may be another, electronic, contribution to the
generation of an acoustic wave. Assuming diffuse

surface scattering, the momentum gained from
the electromagnetic field by the electrons is trans-
ferred to the lattice at the surfaces. This momen-
tum per unit time is a shear force acting on the
surface and can also give rise to a transverse
acoustic wave.

Experimentally, electromagnetic generation of
acoustic waves using indium films was first ob-
served by Abeles' and later by the present authors. ~

Theoretically, the problem of electromagnetic
generation of transverse acoustic waves in a met-
al has received considerable attention over the
last few years. To calculate the conversion ef-
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ficiency of the process, most of the authors' '

considered mainly the direct electromagnetic force
on the lattice ions. For frequencies in the GHz

range, these calculated conversion efficiencies
are much too low and/or do not reproduce the ex-
perimental temperature dependence. Abeles' and
later Southgate' included, in addition to the direct
electromagnetic force, the force on the ions
arising from the scattering of electrons at the met-
al surface. Abeles considered a simplified model
of a thin film, neglected the electronic scattering
within the film, and assumed diffuse surface scat-
tering. Southgate considered a semi-inf inite met-
al but included bulk scattering and allowed for
partially specular surface scattering. In the limit
of long mean free path and diffuse surface scat-
tering, the two calculations are in good agree-
ment and yield conversion efficiencies comparable
to our experimental values.

According to the theory of Abeles, there is a
sharp decrease in the conversion efficiency of
electromagnetic to acoustic energy upon the transi-
tion of the metal (in this case, indium) film from
the normal into the superconducting state. Thus
it seems natural to study this phenomena around
the superconducting transition temperature T,.
In this paper we present measurements of the con-
version efficiency as a function of temperature,
microwave power, and dc magnetic field, both
above and below T,.

II. EXPERIMENTAL

Indium films, 1100-1500 A in thickness, were
vacuum deposited on optically polished high-purity
silicon rods. The axis of the rods was along
either the [110]or [100]direction and their end
faces were parallel within 6"of arc. The di-
mensions of the rods were about 0. 95 cm in diam-
eter and 1.27 cm in length. The silicon face with
the indium film on it was pressed against a 0. 6-
cm-diam hole in the bottom wall of a high-Q reso-
nant rectangular microwave cavity. To ensure an
optimal contact between the indium film and the
cavity wall, the area around the hole was also in-
dium coated. The whole arrangement was im-
mersed in liquid helium and the temperature could
be varied by reducing the vapor pressure. The
cavity was excited with 9.02-GHz microwave
pulses of 1- p, se~ duration, 150-W maximum peak
power, and 5&& 10 ' duty cycle. The power re-
flected and/or radiated from the cavity was detected
by a superheterodyne receiver, and displayed on
an oscilloscope as a function of time.

Because of the microwave excitation pulse, a
pulse of acoustic wave is generated by the indium
film. The acoustic pulse propagates along the
silicon rod, is reflected at each end face, and
bounces back and forth in the silicon rod. Each

time the acoustic wave reaches the cavity, part
of the acoustic energy is reconverted into micro-
wave energy (by the indium film) and an electro-
magnetic echo pulse is radiated from the cavity.
Thus, each microwave excitation pulse is followed
by a train of echo pulses. This is illustrated by
the oscillogram in Fig. 1. The first pulse arises
from partial reflection of the excitation pulse at
the cavity and is orders of magnitude higher than
the succeeding echo pulses. The spacing of suc-
cessive echoes corresponds to twice the time of
flight of the acoustic wave through the silicon rod.
In the experiments performed with silicon rods
whose axis was along the [110]direction, two sets
of echoes were observed. corresponding to the fast
and slow shear waves in silicon.

Usual. ly five to seven echoes were observed in
the temperature range from 4. 2 K down to the
super conducting transition temperature of indium

(3.4 K). The echo amplitude decreased exponen-
tially with 7-10-dB attenuation between successive
echoes. A typical plot of echo power (in dB) ver-
sus the time t is shown in Fig. 2, where /= 0 cor-
responds to the application of the microwave ex-
citation pulse. We define the insertion loss (Ii )
as the ratio of the echo power extrapolated to
t = 0, to the microwave input power. The con-
version efficiency &, on the other hand, is de-
fined as the ratio of the acoustic poster to the mi-
crowave input power. To generate an echo two
conversion processes are necessary. First, elec-
tromagnetic energy has to be converted into sound

energy, and second, at a later time, sound energy
has to be reconverted into electromagnetic energy.
The two processes are symmetrical and thus, if
the properties of the indium film remain unchanged

FIG. 1. Typical oscillogram of echoes detected by the
superheterodyne receiver above T~. Horizontal scale,
5 psec/division.



CONVERSION OF ELECTROMAGNETIC INTO ACOUSTIC. . . 193

90—

0 110—
LLI

I
120—

CI
K

0 4 8 12 16 20 24

t, psec

FIG. 2. Typical plot of echo power (in dB) vs time t,
at T =4. 2 K; t = 0 corresponds to the application of the
microwave excitation pulse.

during this time interval, +=IL. As will be shown
below, this is not always the case.

A. Power Dependence

In Fig. 3 the power dependence of IL in dB is
plotted as a function of the microwave input power
at different temperatures T. The microwave power
is expressed in dB as well, and 0 dB corresponds
to the maximum power (= 150 W). Above the super-
conducting transition temperature T, of indium,
IL was found to be power independent. This is
illustrated in Fig. 3(a) (4. 2 K). Figures 3(b)—3(d)
show the power dependence below T,. In Fig. 3(b)
(T/T, =O. 97), the insertion loss at the highest
microwave power (0 dB) has the same value (86
dB) as above T,. At somewhat lower powers IL
decreases rapidly to about 90. 5 dB. At this value
the data show a shoulder and IL remains constant
as the power decreases. At still lower powers IL
again decreases rapidly until it attains a constant
value at low powers. In Fig. 3(c) (T/T, = 0. 93),
IL starts already at a value (89 dB) somewhat below
its value above T„butthe general behavior is
similar to that in Fig. 3(b). Weseeagainashoulder
which is now narrower, and a rapid decrease on
both sides of the shoulder region. The constant
value at low powers was not attained in this measur e-
ment. The data in Fig. 3(d) (T/T, =0.88) show
mainly a narrow shoulder region which starts al-
ready at high powers.

The power dependence of IL was interpreted as
follows. At the arrival of thehigh-power microwave
pulse, the superconducting film is quenched and
becomes normal. At temperatures close to T„
at the highest powers the film acts as normal
even at the generation of the first echo pulse (and
sometimes also the second one). Thus the mea-
sured IL is the same as above T, and is equal to
&„,where &„is the conversion efficiency of in-
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FIG. 3. Dependence of IL on microwave input power
at different temperatures. 0 dB on the abscissa corre-
sponds to the maximum microwave power (= 150 W).

dium in the normal state. As the power is de-
creased, the indium film becomes gradually super-
conducting at the time of the echo pulse. Hence
IL decreases (increases in dB) until it eventually
becomes equal to &„&„where&, is the conversion
efficiency of superconducting indium. Decreasing
the power further does not affect IL (the shoulder
region) until a power level is reached at which the
indium is not completely quenched any more at the
arrival of the excitation pulse. Now IL again de-
creases with decreasing power until it attains its
final value &~. At somewhat lower temperatures
11 was below o.'~ even at 0 dB [see Figs. 3(c) and

3(d)]. In addition, the sensitivity of our instru-
ments was not always enough to determine the
final value of IL = &,. However, the shoulder re-
gion was always observable and could thus serve
to determine &,.

The power dependence of IL in our first experi-
ments was somewhat different and is shown in Fig.
4. As can be seen in Fig. 4(a), at the highest
powers the value of IL is close to o.'~ even at T/T,
= P. 77. In addition, both curves exhibit local max-
ima at the power levels where one expects the com-
pletion of the superconducting transitions. It was
established that these maxima were connected with
a substantial improvement in the cavity Q. This
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improvement could not be explained simply by the
change of the surface impedance of the indium
film (which is part of the cavity wall). We believe
that in these experiments the contact between the
indium film and the rest of the cavity wall was
somewhat lossy, thus reducing the Q of the cavity.
Upon transition into the superconducting state, the
contact losses decreased resulting in a higher Q.
After improving our arrangement of pressing the
Si crystal against the cavity wall, these side effects
disappeared.

B. Temperature Dependence
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The measurements were performed in the tem-
perature range 4. 2-1.4 K. Above the supercon-
ducting transition temperature (3.4 K) the ampli-
tude of the echoes was found to be temperature in-
dependent. The attenuation between successive
echoes and the absolute value of the insertion loss
varied somewhat from sample to sample. The
latter was attributed to variation in the cavity Q,
the contact between the film and the cavity wall,
and variations in film thickness. The best inser-
tion loss measured above T, was 86 dB. Thus our
highe st conver sion eff iciency was &„~= 5 && 10 '
(43 dB).

Below T, the insertion loss becomes strongly
temperature (and power) dependent. This is shown
in Fig. 5. As pointed out above, the absolute val-
ue of IL varied somewhat from sample to sample.
To compare the temperature dependence obtained
with different samples, the points in Fig. 5 were
computed as follows. For each sample we plotted
the ratio (o',/o'„)2, i. e. , the insertion loss in the
superconducting state relative to that in the nor-
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FIG. 5. Measured conversion efficiency squared &,
vs reduced temperature T/T~. The points were obtained
from the value of IL at low powers, the triangles from
the shoulder region of the IL-vs-power curves, and the
squares from measurements on outlying echoes, as ex-
plained in the text. The theoretical curves labeled A are
for the case of the extreme anomalous limit and curve N
for the case of normal skin effect. The two solid curves
were calculated on the assumption that z/+p = j., In cal-
culating the dashed curve, a two-fluid model was assumed
for the temperature dependence of n/no.
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FIG. 4. Power dependence of IL for another sample
at two temperatures. The local maxima (and minima)
exhibited by the data were attributed to a substantial In-
crease in the cavity g upon the transition of the film into
the superconducting state.

mal state. This r:tio was then normalized to the
best insertion loss measured above T„&„.Thus
o.', in Fig. 5 stands for (o.', /o'„) o.'„„.

To evaluate &, from the measured IL we usually
used the value of IL at very low powers, where
IL becomes power independent. The values ob-
tained by this method are represented by the points
in Fig. 5. The triangles in Fig. 5 were obtained
from the value of II in the shoulder region as ex-
plained above. The two additional points (squares)
were obtained from the temperature dependence of
the third through fifth echo and will be discussed
below. As can be seen in the figure, the values
obtained by the different methods (as well as on
different samples) are in good agreement. The
lines in the figure are theoretical, calculated un-
der different assumptions and will be explained in
Sec. III.

C. Magnetic Field Dependence

To generate the magnetic fields we used sol.enoids
immersed in liquid nitrogen on the outside of the
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liquid-helium Dewar. For fields perpendicular to
the film surface a single solenoid was used with
vertical axis. For the parallel-field measure-
ments, a pair of Helmholtz coils was used. Our
maximum fields were about 1 kOe.

Above the superconducting transition tempera-
ture of the indium films no dependence on the mag-
netic field was observed. Below T„onthe other
hand, the echo amplitude was very sensitive to the
presence of a magnetic field. At temperatures and
powers where the amplitudes of the echoes were
below that obtained with "normal" indium, the ap-
plication of a magnetic fieM always restored them
to the normal value. The strength of the field re-
quired to attain the normal value was temperature
dependent and usually also microwave power de-
pendent. This is illustrated in Fig. 6, where an
echo amplitude (in arbitrary units) is plotted ver-
sus the applied (perpendicular) magnetic field.
The two lines correspond to different values of the
microwave power P. We define a microwave-
power-dependent critical field H, (T, P) as the min-
imum field necessary to restore the normal con-
version efficiency (see Fig. 8). At low micro-
wave powers, H, (T, P) approaches a limit as shown
in Fig. 7. Here we plotted the values for perpen-
dicular fields of H, (T, P) as a function of the mi-
crowave power. We identify the limiting value of
H, (T, P) at low powers with the critical field of the
film, H, (T). Figure 8 shows the temperature de-
pendence of H, (T). The squares represent mea-
surements with a parallel magnetic field. The
lower data (points and triangles) were obtained
with a perpendicular field on two samples of some-
what different thicknesses. The lines were cal-
culated from the theory of Tinkham' and will be
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FIG. 7. Dependence of H&(T, I') (perpendicular fields)
on microwave power at T/T~ =0.92. The limiting value
at low powers H«(T) is indicated by the arrow.
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discussed in Sec. III.
In the high- and intermediate-power range, where

H, (T, P) was microwave power dependent, the val-
ue of H, (T, P) depended also on the particular echo
which was measured. The reason for this can be
understood as follows. The generation of the
acoustic wave depends only on the state of the in-
dium film at the time of the microwave excitation
pulse. The generation of the echo pulses by the
acoustic wave depends, however, on the state of
the indium film at the time of each echo. It may
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FIG. 6. Dependence of echo amplitude (in arbitrary
units) on applied (perpendicular) magnetic field at T/T~
=0.92. The two lines correspond to different values of
the microwave power I'. The values of H, (T, I') are in-
dicated by the arrows in the figure.

FIG. 8. Values of H~(T) as a function of the reduced
temperature. The upper data represent measurements
with parallel fields. The lower data represent measure-
ments with perpendicular fields on two samples of some-
what different thicknesses d (circles, 2=1400 A; tri-
angles, d =1200 A). The curves were calculated from
the theory of Tirtkham (Ref. 9).
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happen that at the time of the first echoes, the film
acts normal or is in an intermediate state, and

only at the later echoes is the indium film truly
superconducting. The critical field H, (T, P) is
thus expected to increase as a function of echo
number until it reaches the limiting value of H, (T).
This is shown in Fig. 9, where we plotted H„(T,P)
as a function of echo nu~ber at T=Q. 72T,. The
data for Fig. 9 were taken with the full microwave
power (=150 W). As can be seen from the figure,
in this case the first echo acts normal even in the
absence of a magnetic field. The field required
to quench the indium film at the time of succeeding
echoes progressively increases and saturation
starts only at the fourth echo. With lower micro-
wave powers this saturation moved to smaller
echo numbers.

The fact that the outlying echoes are generated
by superconducting indium provides another means
for measuring n, . If at the time of the micro-
wave excitation pulse the film is normal, then the
ratio of the echo power of a "late" echo to that of
the same echo with indium in the normal state
yields n, /et.„Toen.sure that at the time of the
generation of the acoustic wave the film is really
normal, one applies enough power so that the
amplitude of the first echo equals that produced
by normal indium. As an example, we plotted in
Fig. 1Q the relative echo power of the different
echoes at T = Q. 61T,. The data represented by the
triangles were measured without a magnetic field
while the circles were measured in a magnetic
field above the critical fieM. As can be seen in
the figure, the first echo is independent of the
magnetic field (i. e. , acts normal in zero field).
Measurements of H, (T, P) for the different echoes
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FIG. 9. H«(T, I') as a function of echo number at T
= 0.72Tc. The data were taken with the full microwave
power (=150 W).
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FIG. 10. Relative echo power vs echo number. Tri-
angles represent measurements in the absence of a mag-
netic field, while the points represent measurements with
a magnetic field &&H, (T).

showed that from the third echo on, the film is
superconducting. Thus the ratio of these echoes
without and with the magnetic field yields o', /o'„.
The values obtained by this method are plotted as
squares in Fig. 5 and agree well with the other
methods for determining &,. Note also that once
the film becomes superconducting, the decay of
the echoes becomes exponential, and the attenua-
tion between successive echoes is the same as in
the normal state.

III. COMPARISON OF EXPERIMENT WITH THEORY

To gain some physical insight we derive first
the conversion efficiency of electromagnetic into
acoustic energy due to diffuse surface scattering
of electrons using a very simplified model. We
consider a plane-polarized electromagnetic wave
incident perpendicularly on a thin metal film. We
assume that within the metal the electric field
penetrates up to a penetration depth ~ where its
value suddenly drops to zero. We further assume
that the conduction electrons are moving perpen-
dicular to the film surface with a uniform velocity
g~ and that scattering in the bulk can be neglected.
Under these assumptions, the transverse momen-
tum p, acquired by an electron traversing the film
is given by

P, = —E,e5 e-'"'/v„.
Here Eo is the amplitude of the electric field at
the surface, e is the absolute magnitude of the
electronic charge, &' is the angular frequency, and
i = (—1)" . In Eq. (1) it was assumed that &T & 1,
where r is the scattering time (due mainly to sur-
face scattering). The number of electrons per
second striking a unit area of each surface is
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n, =Am/P=A~ F, i~/2Ppv, , (4)

where A is the area of the film and P is the micro-
wave input power, We now express Eo in Eq. (2)
in terms of Ho, the amplitude of the magnetic field
at the surface. For a propagating electromagnetic
wave incident on a metal surface we have approxi-
mately Eo= Ho&a/c~, where c is the velocity of
light and x is the (complex) propagation constant.
We use also the value I I/el for the penetration
depth C. Substituting now F, from Eq. (2) into Eq.
(4) and denoting the acoustic impedance pv, by Z„
we obtain

—,'nov~, where no is the density of conduction elec-
trons. For diffuse surface scattering, the mo-
mentum acquired by the electrons from the field
is transferred to the lattice at the surface. This
momentum per unit time is equal to a shear force
E, given by

E,——2Eoe&0 e

and generates a sound wave. The sound wave,
originating at the surface, propagates in unit time
to a distance v„where v, is the sound velocity.
Setting the momentum acquired by the ions equal
to F, we obtain

pvsvt Ee ~

where v, is the average transverse velocity of the
ions and p is the mass density. The acoustic flux
zo can be written as su= —,'pv, l vtl . The conversion
efficiency n„due to diffuse scattering of electrons
at one surface, is thus given by

include the shear stress E, due to diffuse surface
scattering. Assuming that the acoustic impedance
of the metal film and the substrate are the same,
Abeles' calculates the conversion efficiency as

n= (f H', dA) (e'n', &/8PZ, c'~ ~ ~')G,
where

G =
~

I+ cosqd

(6)

Z*, = (Z,, sin qd+Z, icos qd)/Z, . (8)

We now express Ho in Eq. (6) in terms of P, the
power absorbed in the cavity, and the quality fac-
tor Q. For a rectangular cavity with the TE,O,

mode we obtain approximately'

HodA =M2 —Q,8'
where S is the area of the bottom wall of the cavity.
Introducing these into Eq. (6) we obtain

—2K2(1 —qsinqd/v sinKd)/(K —q2)
~

. (7)

The integration in Eq. (6) is performed over the
area A. of the film and q stands for the acoustic
wave number. %e see that apart from the factor
G (and the integration over the area), o.'in Eq. (6)
is identical with o.', given by Eq. (5).

In case the acoustic impedance Ze, of the metal
film differs appreciably from that of the substrate
Z,z, Eq. (6) has to be somewhat modified. A
straightforward calculation along the lines of
Abeles yields that Z, has to be replaced by Z*, ,
where

&,= AH20e n~o& /8PZ, c
~

v
~

' . o. = (M2 ~Aq/e'ng/SZ+ c'/ ~ /')G . (IO)

Abeles' performed a more rigorous calculation
of the conversion efficiency a. His main assump-
tion is that the bulk electronic mean free path / is
large compared to the film thickness d. To cal-
culate E„Abeles integrates over the electrons
striking the surface at different angles; only elec-
trons whose trajectories originate at one surface
and end at the opposite surface being considered.
The integration is cut off at an angle ~0, where
cos8O —-d/l, i. e. , only trajectories whose lengths
are smaller than / are considered. The scattering
in the bulk and the contribution of the electrons
striking the surface at angles 8& 80 are neglected.
This seems to be a reasonable approximation for

In addition, it is assumed that the momentum
transfer by the el, ectrons to the surfaces is coher-
ent. This assumption limits the theory to fre-
quencies ~r &1, or to I & v„/+, where v~ is the
Fermi velocity of the electrons.

The transverse lattice displacement is derived
from the standard wave equation which now also
contains the direct electromagnetic force on the
ions. The boundary conditions at the two surfaces

The first two terms in the expression for G in
Eq. (7) are due to diffuse surface scattering,
while the rest is due to the direct force on the ions.
The finite thickness of the film enters into Eq. (7)
via the terms containing d. If we delete these
terms, we indeed find that Abeles's result agrees
with Southgate's' derived for a semi-infinite metal
in the limit of long mean free path and diffuse sur-
face scattering. If we neglect surface scattering,
the first term in Eq. (7) disappears as weil and
G becomes equal to 12z2/(~ —q ) I~. This again
agrees with Southgate's calculation for the case of
specular surface scattering.

Upon the transition into the superconducting
state, Abeles' assumed that only normal electrons
transfer momentum to the surface. Thus he mul-
tiplied F, by the ratio n/no, defined as the fraction
of the conduction electrons that can be scattered
at the surface. Accordingly, the function G is
modified to

G =
~

(n/n, ) (1+cosqd)

—2z (1 —q sinqd/a sinvd)/(v —q )
~

. (11)
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Kg = (4 7Ig QJ(T/c ) (12)

while in the extreme anomalous limit we obtain

(ls)

Equation (12) is expected to be a reasonable ap-
proximation at high temperatures, where I I/w I

~ d.
At low T/T„ I I/g I decreases towards the super-
conducting penetration depth ~ and the anomalous
limit would seem to be more appropriate. The
temperature dependence of 0 in the superconducting
state was calculated from Mattis and Bardeen's
theory" for o/o„, where o„is the normal conduc-
tivity.

Before trying to fit the experimental data we
first estimated the ionic contribution to n. %e
found that over the whole temperature range of our
measurements this contribution is at least 17 dB
below the experimental results (34- to 40-dB dis-
crepancy in IL). For these calculations we assumed
one conduction electron per atom, go

——3. 8 & 10
cm, and the value of v, = 1.3&&10' cm/sec was
derived from the measured' stiffness constant
C«. The value of I(. was calculated from both Eqs.
(12) and (13), and o„was obtained from the mea-
sured film conductivity v&, corrected'3 for diffuse
surface scattering. In addition, we used the mea-
sured values of Q = 6000 and d = 1200 A, and the
estimated value of I = 10000 A (for the anomalous
limit).

Because of the negligible ionic contribution we
calculated n using only the electronic contribution.
These calculated values of &~ are compared to the
experimental data in Fig. 5. Curve N was calcu-
lated using Eq. (12) for y„(normal skin effect),
while curves A were calculated for the extreme
anomalous limit [Eq. (13)]. In calculating the two
solid curves, we have taken the fraction of elec-

A. Temperature Dependence

The electronic contribution to & is proportional
to the fourth power of the penetration depth I I/v I

and to (n/no) [see Eqs. (10) and (11)]. Below the
superconducting transition temperature I I/zl de-
creases with decreasing temperatures. In addition,
if only normal electrons transfer momentum to
the surface, n/no decreases too. Thus the part of
n due to surface scattering is expected to decrease
rapidly below T,. In the part of n due to the direct
force on the ions, on the other hand, the I I/xl'
dependence cancels. Thus here, for q~ » I gI ~,

the main temperature dependence arises from the
last term in the expression for G.

To calculate the theoretical temperature depen-
dence of a as given by Eqs. (10) and (11), we ex-
press v in terms of the conductivity v using the
theory of skin effect. In the region of normal skin
effect we obtain

trons, n/no, that can be scattered at the surface
as 1. In calculating the dashed curve we assumed,
according to the two-fluid model, ' that n/no = (T/7, )'.
Inspecting Fig. 5, we see that the temperature
dependence of the experimental data agrees well
with the solid curve A, obtained for the anomalous
limit and with n/no= 1. Thus the whole tempera-
ture dependence of this curve arises from the tem-
perature dependence of Kg.

Because the anomalous limit becomes a better
approximation the lower the temperature, we
fitted (the solid) curve A to the experimental re-
sults at low temperatures. At higher tempera-
tures the experimental data deviate somewhat from
curve A and are bracketed by the two solid theoret-
ical curves. This is expected because with in-
creasing temperatures the approximation of the ex-
treme anomalous limit becomes progressively worse.

The value of I I/v I was calculated from the mea-
sured values of o.', using Eq. (10). For samples
whose thicknesses varied between 110Q and 1500 A,
our values for I I/~l at T=0.4T, are between 600
and 650 A. The value of the ratio 0„/lobtained
from Eq. (13) using the theory of Mattis and Bar-
deen" was o„/l=(4.8+0. 5)x10'o 0 ' cm 2. This
agrees well with the value of o„obtained" for dif-
fuse surface scattering from the measured film
conductivity az (a.round 10' 0 ' cm ') and the esti-
mated value of I (=10000 A).

B. Magnetic Field Dependence

In the range of our magnetic fields (up to 1 kOe),
we found that above T„&was independent of the
applied magnetic field H. Thus it is reasonable
to assume that the field dependence of & below T,
is due solely to the transition of the indium film
from the superconducting to the normal state.
This is also evidenced by the fact that at sufficient-
ly high fields the value of a always attained its val-
ue above T,. The value of II necessary to restore
the value of a„was, however, microwave power
dependent. We took the limiting values of H (in
the limit of low microwave power) necessary to
restore o.'„asthe critical transition field of the
film, H, (T). The experimental values of H, (T) are
plotted in Fig. 8. The values for perpendicular
fields II„arein good agreement with the theoret-
ical values shown by the two curves. The theoret-
ical values of B„werecalculated from the theory
of Tinkham for thin-film superconductors in a
perpendicular magnetic field. The values of &o(d),
the thickness-dependent superconducting penetra-
tion depth at 0 K, obtained from such fits, vary
between 670 and 740 A.

IV. DISCUSSIONS

The conversion efficiencies obtained by us were
about two orders of magnitude higher than those
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measured by Abeles. ' There are two main reasons
for this. (i) We used high-Q cavities; the quan-
tity (c/8mP) /Hodr' that represents the enhancement
of the field in the cavity and was estimated by
Abeles to be ten, was around 800-1000 for our
cavities. (ii) We found that the conversion ef-
ficiency is a very sensitive function of the quality
of the contact between the cavity wall and the in-
dium film. In addition, our maximum microwave
input power was more than an order of magnitude
above that reported by Abeles.

Because of our high conversion efficiencies and
our higher powers we were able to study the tempera-
ture dependence of n down. to 0.4T,. Good agree-
ment was found between experiment and theory'
with respect to both the value and the temperature
dependence of &. To fit the temperature depen-
dence of n below T, we had to assume that the
fraction of conduction electrons that can be scat-
tered at the surface n/no is equal to 1. This was
quite a surprising result and we made heuristic
efforts to fit the experimental results assuming
specular surface scattering, at least for Cooper
pairs below T,. The parameter that we tried to
vary was the propagation constant &. However,
the electronic contribution to o.' depends on l I/vI
and, if we assume diffuse surface scattering above

T„the value of j ~ j is fixed by the experimental
results within a very small margin. Thus to be
able to vary ~ we had to assume specular surface
scattering above T, as well. To explain the ex-
perimental data by the ionic contribution alone we
had to assume a value for l v j above that of q
(=4. 35&&10' cm '). This leads immediately to two
difficulties. First, such a high value of jvj indi-
cates a ridiculously small electromagnetic penetra-
tion depth (= 200 A) above T, and an enormous val-
ue for the conductivity of our films. Second, the
calculated temperature dependence of Q. „using
such a high j ~ j, shows a decrease of over seven
orders of magnitude as compared to the experi-
mentally observed decrease of four orders of mag-
nitude.

Assuming diffuse surface scattering below T,
as well, the observed temperature dependence of
a agrees well with the theory, Under this assump-
tion also the value of I I/g ~ at low temperatures is
in reasonable agreement with the values for the
superconducting penetration depth of indium pub-
lished in the literature. ""6 It is also in good
agreement with the measured conductivity of our
films above T,. The temperature dependence of
the critical (perpendicular) magnetic field of our
films provided another, independent, method for
determining the thickness-dependent penetration
depth A (d). Thee values of & derived" from Xo(d)
are also in reasonable agreement with those de-
rived from I 1/~l .

The theory implies a resonant (1+cosqd) be-
havior as a function of the film thickness d. For
maximum sensitivity we tried to prepare samples
whose thicknesses were around the resonant thick-
ness (qd=2n, d=1440 A). However, we find that
for the case of indium films on silicon substrates,
the thickness of the film is not critical and that n
is almost independent of d around the resonant
thickness. This is shown in Fig. 11 where we
plotted the calculated values of IL(n3) as a function
of qd. The values of d are also marked on the top
of the diagram. For the calculation we used the
value of 5. 85&&10' cm sec for the sound velocity
in silicon. This is appropriate for propagation
along the [100]direction and for the fast shear
mode along the [110]direction. The figure shows
the values of IL (in dB) relative to its maximum
value (resonant thickness). The reason that IL
varies so slowly with d is the thickness dependence
of Zf [see Eq. (8)], which greatly reduces the
(1+ cosqd) dependence.

%e did not try to verify experimentally the the-
oretical dependence of a on qd. One way of doing
this wouM be to compare the values of & for films
of different thicknesses. However, we felt that
the accuracy of this method would be poor because
(as already pointed out) o.' is very sensitive to the

quality of the contact between the film and the cav-
ity wall. Another method would be to work with the
same film (fixed d) and vary the acoustic wave
number q. Because the frequency of the micro-
wave cavity can be varied only by a few percent,
to vary cosqd appreciably, one has to employ films
several acoustic wavelengths thick. However, for
such thick films the assumptions of the theory,
leading to the (1+cosqd) term, break down. This
term results directly from the assumption that
the film is thin and because of that the electrons
striking each surface originate at the opposite
surface. Thus all the electrons pass through the

0
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FIG. 11. Calculated values of IL (=e2) for indium on
silicon substrates (propagation along the [100j or fast
shear wave along the [110]direction) relative to its maxi-
mum value as a function of qd. The values of d are also
marked on the top of the figure.
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same field and the transfer of electronic momen-
tum to both surfaces is symmetrical. For a thick
film this assumption is no longer valid and most
of the electrons striking the back surface originate
within the field-free volume of the film. The mo-
mentum transfer to the back surface is thus greatly
reduced and cosqd should be multiplied by an at-
tenuation factor. This is probably the reason why
~eisbarth" was not able to detect a (1+cosqd)
behavior with thick films.

The microwave power dependence of n below T,
is one of the striking experimental results. On
the basis of the available experimental evidence
we interpret this power dependence as due to the
transition of the indium film from the supercon-
ducting into the normal state under the influence
of the electromagnetic radiation. This interpreta-
tion is also consistent with the results on the power
and echo number dependence of the critical mag-
netic field. Thus, while there is little doubt in
our minds that the interpretation is correct, we
are not quite sure of the exact mechanism of this
quenching. The obvious mechanism would be the
quenching of the indium film by the microwave
magnetic field. However, it seems to us that this
mechanism by itself cannot explain the experi-
mental results. We estimate the amplitude of the
microwave magnetic field in the cavity for the
highest powers used as 80-90 Oe. As can be seen
from the values of II„,in Fig. 8, this field seems
to be insufficient to quench the indium film below
about 0. 9T,. An additional difficulty wouM be to
explain, as due to this field, the quenching of the
film at the time of the first echoes (as often ob-
served experimentally). Thus an additional mech-
anism is necessary to explain the quenching at
high and intermediate microwave powers. %e
think that this additional mechanism is possibly
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