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The angular distribution of the energy transmission coefficient has been studied for a
monochromatic sound wave passing from liquid “He into polycrystalline gold with a grain
size of 5-10 um. The measurements were carried out at frequencies of 13, 39, and 65

MHz at temperatures of 150-250 mK. The absorption spectra are governed by the high
attenuation of sound in the polycrystalline gold, which results from the scattering of

the sound by grain boundaries. At 39 and 65 MHz, the absorption is one or two orders of
magnitude stronger than that by conduction electrons. This huge attenuation can be
described qualitative by a model of Rayleigh scattering of sound by irregularities of the elastic

medium.

1. INTRODUCTION

This paper reports a study of the energy transmission
coefficient as sound enters polycrystalline gold from liquid
“He. The flux of heat (phonons) incident from “He on the
surface of a solid experiences a Kapitsa resistance at the
interface.! A temperature difference arises between the lig-
uid helium and the solid. This effect has been explained
theoretically by Khalatnikov? on the basis of an acoustic
mismatch of the media.

The phonon flux crossing an interface is determined by
the probability for the transmission of a phonon or by the
transmission coefficient for acoustic energy, a(6,0), where
6 is the angle of incidence, and w is the phonon frequency.
In order of magnitude, the coefficient a(8,w) is equal to
the acoustic impedance ratio of the media: a~ pc/Dc,
(where p and D are densities, and ¢ and c; are the sound
velocity in the “He and the longitudinal sound velocity in
the solid). For an interface between liquid 4He and a solid
we have a~107%-10"2 within a critical cone
6,.=c/c,=5-10°, where c, is the transverse sound velocity
in the solid. Outside the critical cone we have a =0 because
of total internal reflection. The heat flux affects the energies
of all vibrational modes of the solid, including the energy
of a surface Rayleigh wave.

It has now been solidly established that the theory of
Ref. 2 sets an upper limit on the Kapitsa resistance and
holds better, the higher the quality of the crystal and its
surface. For example, experimental values of the Kapitsa
resistance for single crystals with carefully prepared sur-
faces, at temperatures 7 <0.3—4 K, are very close to the
theoretical Khalatnikov limit.

Numerous experiments have shown that the significant
deviations of the Kapitsa resistance from the theoretical
values which have been observed are due to enhancement
of heat transfer as the result of phonon dissipation in the
solid. Causes of this dissipation might be conduction elec-
trons in metals, lattice defects, surface roughness, the edges
of the sample, etc.

Andreev® was the first to point out that absorption of
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phonons in a solid has a strong effect on the magnitude and
angular distribution of the transmission coefficient a(68).
He showed that the scattering of sound (acoustic pho-
nons) by conduction electrons in a metal leads to resonant
absorption of a surface Rayleigh wave in a supercritical
Rayleigh angle 6g=c/cg, where cy is the velocity of the
Rayleigh wave. A sharp peak of height a =~ 1 appears in the
transmission coefficient at 65; the width of this peak is a
few angular minutes. The reflection coefficient correspond-
ingly vanishes at ;. The contribution of Rayleigh waves
to the heat flux is roughly equal to the contribution of bulk
waves, in agreement with the conclusion reached by
Khalatnikov.?

The resonant absorption of sound by the surface of a
metal was first observed in a tungsten single crystal in Ref.
4. The acoustic theory has been generalized to the case of
the attenuation of phonons in a solid in theoretical
treatments.””’

The first measurements of the coefficient a(8) for ther-
mal phonons in a NaF single crystal® at 7~1 K showed
that the absorption and emission spectra were identical and
consisted of two regions: a central peak with a width equal
to the width of the critical cone and some wide wings,
which decay according to Lambert’s law with increasing
distance between 6 and the normal and which make the
major contribution to the Kapitsa conductivity. It was
suggested’ that the wide wings are due to diffuse inelastic
scattering of a certain fraction of the phonons by surface
defects.

The coefficient a(0,w) was studied in more detail in
Refs. 4 and 10-13, where the angular distributions and
frequency spectra of the absorption of sound by metal sin-
gle crystals of cubic symmetry (tungsten, copper, and alu-
minum) were studied. The measurements were carried out
at the frequencies 10-300 MHz, at temperatures from 60
mK to 0.4 K. The general behavior found in those studies
can be summarized as follows.

The a(6) absorption spectra have a complex angular
distribution, which reflects the distribution of the energy
transmitted into the crystal over the solid angle. In an
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acoustically isotropic single crystal, only bulk longitudinal
and transverse waves are excited inside the critical cone 6.
The transmission coefficients of these waves are small
(1073-1072) and essentially constant, depending slightly
on the attenuation. The longitudinal and transverse waves
have transmission zeros at the critical angles ¢/c; and c/c,.
Outside the critical cone, a sharp peak is observed in the
resonant scattering of a Rayleigh wave, with a~1 at the
Rayleigh angle of incidence. The width and height of this
peak depend strongly on the attenuation in the crystal.

In an acoustically anisotropic single crystal, two reso-
nant modes are excited by virtue of the anisotropy at the
(001) and (111) surfaces: a Rayleigh surface wave and a
pseudosurface wave. The transmission coefficient for each
of these modes is a ~ 1. Only the Rayleigh wave is excited
at the (110) surface. The critical cone is more complicated.
The primary result of the studies reported in Refs. 4 and
10-13 was the first attainment of good agreement between
experimental curves of a@(0) and theoretical values. The
calculations used a phenomenological attenuation param-
eter p~10"%-1073 (p=yc/20, where v is the attenuation
in e-folds per unit length). Measurements on an Al single
crystal in the normal and superconducting states'? showed
that the attenuation of the Rayleigh wave is indeed due to
conduction electrons. In the superconducting state, the
Rayleigh peaks become vanishingly small (p<10~*) and
make essentially no contribution to the heat flux.

After studies of single crystals with high-quality sur-
faces, which confirmed the validity of the dissipative acous-
tic theory, the following questions naturally arose: How
does the transmission coefficient for acoustic energy,
a(6,0), vary in the case of lower-quality (“poor”) crys-
tals, e.g., polycrystalline samples, whose surfaces have not
been subjected to preliminary processing? What is the
mechanism for the attenuation of sound in this case? Are
the peaks in the absorption for a Rayleigh wave still
present? What is their contribution to the heat flux?

There has been no study of the acoustic properties of
the interface between “He and a polycrystalline sample,
even though the bulk of Kapitsa’s resistance measurements
were devoted to specifically polycrystalline samples.

2. EXPERIMENTAL PROCEDURE AND TEST SAMPLE

The method for determining a(6), which is described
in detail in Ref. 4, consists of measuring the heating of a
test sample by the acoustic energy which passes into it
from liquid “He.

The transmission coefficient a(8) and the heating of
the sample, AT, are related by

AT o
a(@)=x5 — (1)

—NRk Op ’
where N is the energy flux density of a monochromatic
acoustic wave, Ry is the Kapitsa resistance, o is the total
surface area of the sample, and oy, is the area on which the
sound is incident. By measuring the heating AT as a func-
tion of the angle of incidence 6 of the sound and the pa-
rameters in Eq. (1), we can determine a(6).
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Measurements were carried out in “He at saturation
vapor pressure and at temperatures of 150-250 mK. The
measurement chamber was cooled in a *He-*He dissolu-
tion cryostat. The acoustic cell in the chamber consisted of
two parallel disk-shaped mounts connected by a vertical
support. An x-cut quartz radiator, 15 mm in diameter, was
mounted on the lower disk; the test sample was mounted
on the upper one. The quartz and the sample were sepa-
rated by a distance of 1 cm.

Measurements were carried out at the fundamental fre-
quency of 13 MHz and at the two harmonics 39 and 65
MHz. A rotatable rack holding the sample was mounted
on supports extending from the upper disk, on four plane
springs. The rotation angle 6 was measured with the help
of a variable capacitor, connected in the LC resonant cir-
cuit of a frequency oscillator. The movable plates of the
capacitor were mounted on the rack, while the fixed plates
were mounted on the upper disk of the acoustic cell. As the
angle was varied from —6 to +6, the capacitance of the
capacitor varied monotonically in one direction. This cir-
cumstance made it possible to avoid an uncertainty in the
angle near 6=0°. The frequency v of the LC oscillator was
varied over the range 935-995 kHz. These frequencies pro-
vided good relative accuracy in the angle measurements.

The temperatures of the test sample and the liquid
were measured by semiconductor thermometers. One con-
tact of carbon and germanium thermometers was soldered
to thin strips of the sample (d~0.2 mm) separated from
the edges by an electric-arc method. The heater was ce-
mented to the back of the sample with BF cement. Similar
thermometers and a similar heater were immersed in the
liquid *He.

The resistances of the thermometers were detected by
sensitive Cryobridge S-72 and R3310 ac bridges. The out-
put signals from these bridges were sent to digital voltme-
ters and were recorded on either a two-pen x, y chart re-
corder or a computer. The measurements were carried out
in a shielded room. The power dissipated in the thermom-
eters by the measurement current was less than 1 nW.

For accurate measurements of the slight heating of the
sample, the temperature of the liquid helium in the mea-
surement chamber was regulated within 10~® K. The time
required for one recording was of order 1.5-2 h.

The test sample, of high-purity polycrystalline gold
(R300/R4,=36 000), was prepared from the melt. It was a
parallelepiped with dimensions of 13 X 10X 1.9 mm. In the
preparation process, the test sample was sent through roll-
ers, flattened under a press between polished quartz plates,
and annealed in vacuum. The surface quality was moni-
tored with the help of a Linnik interferometer. The rough-
ness and deviations from a planar surface were less than
0.5 um. Since the gold was not oxidized, the surface of the
sample was not mechanically polished.

From the nature of the rings on Laue diffraction pat-
terns (Fig. 1) recorded at two different points on a sample
(the lines are continuous and equal in thickness), we can
estimate the average size of the grains to be @< 10 pm.

In addition, after the experiments, the surface was sub-
jected to fine mechanical polishing and etching and then
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studied under a microscope at high magnification. The typ-
ical grain size as a result of the recrystallization during
annealing turned out to be 5-10 um.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Experimental curves of AT (0) of two types are shown
below. The recordings shown in Fig. 2 were made on the
two-pen x, y recorder. They contain the simultaneous read-
ings of the sample temperature and the liquid temperature
in the field of a plane acoustic wave as 6 is varied. Figure
3 shows corresponding recordings made by the computer,
in this case of only the sample temperature. Again in this
case, the temperature of the liquid was held constant, at
the same precision. The difference between the tempera-
tures of the liquid “He at the beginning and end of the
recording can be inferred from the vertical shift of the
outer regions of the AT (6) curve. Over the recording time,
the temperature of the liquid “He remained constant within
+5 uK. We verified that in the absence of the sound the
FIG. 1. Laue diffraction pattern of polycrystalline gold with a grain size thermometers on the sample and in the liquid showed the
<10 pm. same temperature as the sample was rotated.

Let us examine the results in more detail. The record-
ings for each of the three frequencies are quite reproduc-
ible. On all the curves we can clearly see a critical angle
6,=12°, within which the sample is heated to a maximum
extent by the incident sound. The angle 6, was found from
the ratio of the sound velocities in helium to the average
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velocity of a transverse wave in polycrystalline gold,
¢,=1.2-10° cm/s. The heating (AT') of the polycrystalline
Au by the gold with respect to the “He was much less than
the heating of W, Cu, and Al single crystals.*!%!® This
result indicates that the Kapitsa resistance is small in a
polycrystalline sample. Rough estimates based on our ex-
periments yield R 7> ~80 cm? - K*/W. This figure is close
to the value RxT> =46 cm? - K*/W found by Folinsbee and
Anderson'* for a mechanically polished and annealed gold
foil 0.6 mm thick at 7'~40-300 mK.

The a(6) distribution of polycrystalline Au differs
greatly in shape from the characteristic angular distribu-
tions of single crystals. In this case we do not find the high,
sharp peaks of resonant absorption of a Rayleigh wave at
the edges of the spectrum; the deep minima separating
regions of longitudinal, transverse, and surface waves, or
the resolved secondary Rayleigh maxima near the angle of
normal incidence. The spectrum is not symmetric. All the
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24 36 6 gold. a—f=13 MHz, T=150 mK (three

different recordings); b—f=39 MHz,
T=150, 200, and 250 mK; c—f=65
MHz, T=150 and 210 mK.

structural features are greatly smeared out, and the reso-
nant peaks are wide and short.

Outside the critical angle, the function a () falls off to
zero very slowly. The particular design of the apparatus
ruled out a further increase in the angle of incidence and a
determination of the heating of the sample at 6> 30°—40°.

All these structural features in the a(6) distribution
point to a high attenuation of sound in the polycrystalline
gold sample—an attenuation far higher than that in single
crystals. If we use the ultrasound absorption properties for
the three principal directions of a gold single crystal as
found in the measurements of Ref. 15, and if we average
these properties over all directions, then we find
p;=4.5-10"* and p,=3.5-10"* for an electron mecha-
nism for the absorption of phonons in an isotropic poly-
crystalline gold sample.

On the other hand, p can be determined from experi-
ment if we compare the transmitted-energy integrals
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FIG. 4. Normalized experimental curves of a(6).
1—f=13 MHz, T=150 mK; 2—39, 200; 3—65
MHz, 150 mK.

0.5
J= J:) a(0)do
in the cases of the experimental curve (J,) and the the-
oretical curve (Jieor) Of @(0) (here we are assuming that
the energy integral is conserved). We choose a p value such
that Jipeor=Jexpt holds. The shape of the experimental
curve may differ from that of the theoretical curve, prima-
rily because of a broadening of the interval of angles of
incidence on a rough surface.

Figure 4 shows experimental curves of a(0) for three
frequencies: 13, 39, and 65 MHz. The curves are normal-
ized to the same value at 6=0. The values of J,, were
calculated over the @ interval from O to 0.5 rad. The cor-
responding values of p were determined from the theoret-
ical Jy.o,(p) dependence for polycrystalline gold (Fig. 5).

-4
Jtheor_lo
BT T T -

FIG. 5. Theoretical behavior of the acoustic energy transmitted through
a polycrystalline gold sample, Ji;.,., as a function of the attenuation
parameter p.
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It was found that, as the frequency is varied from 13 to
65 MHz, the value of p changes from 10™* to 0.15. In other
words, it is highly dependent on the frequency. At high
frequencies (39 and 65 MHz), it is one or two orders of
magnitude higher than the electron absorption parameter
po~10"* (Table I).

Further evidence for this conclusion comes from the
growth of the tails on a(6) outside the critical angle as the
frequency is raised.

This strong attenuation of the sound in polycrystalline
Au and its increase with the frequency stem from scatter-
ing of the sound by grain boundaries. As has been shown
theoretically by Lifshits and Parkhomovskil,'® the scatter-
ing of ultrasound by inhomogeneities in an elastic medium
(by the grains of a polycrystalline sample) becomes the
predominant attenuation mechanism at sufficiently high
frequencies. It greatly outweighs all other mechanisms. Ex-
act expressions for the attenuation of longitudinal and
transverse sound in a polycrystalline material were given in
Ref. 16. The absorption of sound depends on the average
grain size & At low frequencies (A>@) we have yow*
(this is Rayleigh scattering), while at high frequencies
(A €a) we have yo:a)z.

The treatment by Lifshits and Parkhomovskii'® is lim-
ited in several ways (the anisotropy of the grains is slight,
the grains are equiaxial, and there is no predominant ori-

TABLE L

13 MHz 39 MHz 65 MHz
P 2-107* 3.5 1073 1.5 -107!
7, dB/cm 1.2 62 4430
yA, dB 102 210! 8
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FIG. 6. Experimental points of the attenuation of a Rayleigh wave in
polycrystalline gold at frequencies of 13, 39, and 65 MHz, along with a
theoretical line!” y= ¥ f*S for a grain size of 5 um.

entation). Consequently, the expressions of that paper do
not apply to gold. To calculate the attenuation of sound in
polycrystalline gold we can use the empirical expressions
and tables of scattering coefficients given by Papadakis,’
which have found good experimental support: y= V f*S at
low frequencies and y=af23 at high frequencies, where 7
and & are the average volume and average diameter of a
grain, and S and 2 are constant coefficients which charac-
terize the material and which vary slightly from sample to
sample.

The boundary between two regions is determined by
the condition A,=2ma. In our case we have a=5-10 um
and a boundary frequency f,=20-40 MHz. The frequen-
cies 13, 39, and 65 MHz (4=90, 30, and 18 um) thus
correspond primarily to a region intermediate between
y < and y <@

Figure 6 shows the theoretical Papadakis line y=V f*S
for a particle size =5 pm. The values of S are from Ref.
17. Also shown in this figure are points found from J,,
and Jy,e.r - The error in the determination of the integrals is
at most 5-10%, but the errors in p and ¥ are on the order
of these values themselves ( ~100% ). The maximum error
corresponds to the region of p values between ~ 1072 and
~10~", in which the integral changes by only 10%. It can
be seen from this figure that there is a satisfactory agree-
ment between the experimental values of ¥ and the theo-
retical line y « »*. We also note that our data on v are close
to the values of the bulk attenuation in polycrystalline sam-
ples as reported for several materials by Papadakis'’ and
for stainless steel by Becker and Richardson.'®

The very strong attenuation of ultrasound at compar-
atively high frequencies (39, 65 MHz) in polycrystalline
materials (102—103 dB/cm) cannot be measured by direct
methods. It can only be estimated, by comparing the ex-
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perimental attenuation of a Rayleigh wave with the theo-
retical behavior, as we did above.

The essentially total absorption of the sound at the
wavelength corresponding to 65 MHz explains the substan-
tial increase in the overall contribution of phonons to the
heat flux across the interface of the polycrystalline sample.
It increases because of the tail which stretches out from the
critical angle to 7/2, in accordance with the dissipative
acoustic theory. The small value of the Kapitsa resistance
for polycrystalline gold is completely understandable from
this point of view.

At this point we would like to discuss certain features
of the experimental curves. First, the a(6) curve does not
have complete angular symmetry. The probable reason for
this result is an anisotropy of the polycrystalline sample
(an anisotropy which arises from the rolling, because of
the predominant orientation). When the sample and the
quartz are not parallel, this circumstance leads to a small
difference between the azimuthal angles during scanning to
the right and left of 6=0.

The transmitted-energy integrals for positive and neg-
ative angles 0 are typically equal to within the experimen-
tal errors. The isolated peaks on the a(8) curves probably
correspond to absorption of the Rayleigh wave by groups
of grains with principal axes in approximately the same
orientation. The positions of the peaks are determined by
the propagation velocity of a transverse wave along the
principal directions.

A second feature of these curves is that the Rayleigh
peak in the absorption [which lies above the level of the
continuous spectrum, a(0) =2.13 - 1073] in the Au sample
increases with the frequency from ~10% at 13 MHz to
~50% at 65 MHz (Fig. 4). This effect has been seen
previously.*!1® It has been linked with a dependence of
the amplitude of the Rayleigh peak on the absorption in
the solid: Maximum transmission (a~ 1) corresponds to a
certain attenuation in each material, in which p depends on
the frequency. For tungsten,* for example, the transmission
peak corresponds to a frequency of 10 MHz; for the inter-
face between stainless steel and water!'® it corresponds to 15
MHz; and for the interface between nickel with a particle
size of 25 um and water it corresponds to more than'® 400
MHz. For the interface between polycrystalline gold and
“He, the maximum transmission should apparently be ob-
served at f> 65 MHz. However, we should point out that
polycrystalline gold and lead have scattering coefficients S
and 3 higher than any other elements, so it would be a
problem to observe the a(6) dependence at frequencies
f>100 MHz.

A third feature of the curves is that the Rayleigh peaks
are low and have a large angular width, even at the low
frequency (13 MHz), where the attenuation is low
(p=10"* y=1 dB/cm)—comparable to the attenuation
by conduction electrons. For attenuation of this sort in
single crystals, one observes*!®!3 high, sharp Rayleigh ab-
sorption peaks (the quartz radiator was not changed).

The reason for the broadening of the peak is that the
surface of a polycrystalline material consists of distinct
grains which are oriented at small angles with respect to
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the plane. As a result, a narrow incident beam with a di-
vergence of a few arc minutes spreads out to several de-
grees.

CONCLUSION

In summary, it has been shown experimentally that the
spectra of the absorption of sound by the surface of a poly-
crystalline gold sample differ sharply from those for a sin-
gle crystal.

The primary difference is that, instead of the high,
sharp peaks in the resonant absorption of a Rayleigh wave
at a supercritical angle, we find low, wide peaks. There are
no minima separating the longitudinal, transverse, and sur-
face excitations. Secondary Rayleigh peaks are not re-
solved. Outside the critical angle the function a(8) falls off
to zero very slowly.

Analysis of the data shows that the spectrum corre-
sponds to a high attenuation of sound in the polycrystalline
material, which is due to a scattering of the sound by ir-
regularities of the elastic medium: the grain boundaries.
The attenuation is proportional to w*, i.e., corresponds to
the case of Rayleigh scattering with a wavelength much
larger than the average grain size.

The absorption properties reach their highest values
(p~1) at frequencies ~100 MHz. Here the transmitted-
energy integral increases significantly because of contribu-
tions from the a(8) tails, which stretch from the critical
angle to 7/2. This contribution explains the small Kapitsa
resistance of the polycrystalline samples.
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