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Saturation of the anomalous Kapitza conductance
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The reflection coefficient of longitudinal 25-6Hz phonons was measured at normal incidence
on quartz —liquid 4He interfaces. For clean samples, close agreement with the Khalatnikov

0
theory was found with no indication of anomalous transmission. Samples coated with 300-A
paraffin, however, showed a substantially lower reflection coefficient in contact with helium.

This anomalous reduction was found to depend on the phonon intensity I as I /, in good ac-

cord with the defect model for the Kapitza conductance.

The thermal transport across the interface between
solids and liquid helium has been a long standing
problem. ' As a result of the mismatch of the acous-
tic impedances of liquid helium and usual solids the
transmission coefficient for phonons in general ought
to be less than 1'/o. Experimentally, however,
transmission coefficients one or two orders of magni-
tude larger have been observed. ' Most attempts to
explain this discrepancy had been based on the as-
sumption of an ideally flat and clean surface, until
experiments of phonon reflection at freshly cleaved
surfaces4 revealed a drastic reduction of the
anomalous Kapitza conductance. Two recent sugges-
tions hence have taken surface irregularities into ac-
count: one assumes surface roughness, 5 and the oth-
er one defects, ' viz. , "two-level systems" (TLS) to be
the cause for the anomalous heat transport. For the
defect model, saturation of the TLS at high phonon
intensities is expected like in bulk glasses, ' while
there are no saturation effects expected for the
roughness model. In fact, we have found a qualita-
tive influence of the phonon intensity in a previous
experiment. In this Communication, we present
quantitative results on the intensity dependence of
the reflection coefficient at a quartz —liquid-helium in-
terface. The results strongly support the defect
model and allo~ us to extract the coupling constant
of the defects with helium.

The phonons were generated in a thin quartz pla-
telet by means of stimulated Brillouin scattering using
a giant pulse ruby laser, as described previously. '
The monochromatic longitudinal phonons obtained in
this way have a wavelength A.&h

= A.o/2/i, where A.o ts
the wavelength of the laser light in vacuum, 6943 A,
and n is the refractive index of quartz. For x quartz,
this corresponds to a phonon frequency of 24.8 GHz.
These phonons were reflected back and forth
between the parallel surfaces of the platelet at nearly
normal incidence. On every other reflection, the
phonons were detected by means of a second laser
with lower power. Since the bulk attenuation is
negligible here, the reduction in the intensity of suc-
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FIG. 1. Normalized echo amplitudes of a phonon pulse

(v =24.8 0Hz) successively reflected in a quartz platelet at
normal incidence. Trace (a), cleaned sample surface; trace

(b), surface coated with a 300-A layer of paraffin, low pho-
non intensity (5 & 10 %/cm ); and dashed lines, least-

squares fits with reflection coefficients of 0.992 +0.003 and

0.92 +0.01, respectively. The time between two echoes, cor-
responding to one round trip of the phonons was 120 ns in

the platelet of 0.35-mm thickness.

cessive echoes is (1 —R )2, where R is the reflection
coefficient. The temperature for all experiments re-
ported here was 1.8 K.

First we discuss results obtained with a sample
thoroughly cleaned with acetone. In this case R
turned out to be close to unity. Hence, for max-
imum accuracy we have normalized each echo ob-
tained with the sample in helium by the correspond-
ing one without helium. This is shown in the upper
trace of Fig. 1, for a sample covered with a saturated
helium film of 3504 thickness. The best fit of the
reflection coefficient to the data is R,„„=0.992
+0.003. This result agrees exceedingly well with the
value RAM =0.992, expected according to the acoustic
mismatch theory of Khalatnikov. 2 Thus our mea-
surements show for the first time that for longitudinal
phonons at nearly normal incidence the Khalatnikov
model is valid for frequencies at least up to 25 GHz.
A dependence of the reflection coefficient on the
phonon intensity was not observed in this case, nor
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was it expected on the basis of the acoustic mismatch
theory. We have also investigated the dependence of
the Khalatnikov transmission on the thickness d of
the helium film. Below d =100 A the transmission
started to decrease and disappeared at d =10 A. For
comparison, the wavelength in helium is 100 A.

Our main concern was not the Khalatnikov behav-
ior, however, but rather the anomalous transmission.
As shown by Sabisky and Anderson, the latter can
be greatly enhanced by exposing the sample to
"pump oil vapors. " For more reproducible condi-
tions, we have therefore evaporated homogeneous
films of paraffin onto both sides of the samples.
Typically, these films were 300 A thick (k„h = 1000
A in paraffin) as measured with a quartz gauge. In
principle there would be no surprise if the hydrocar-
bon layer gave rise to considerable additional damp-
ing. Yet the reflection coefficient was found to be
unchanged within an absolute accuracy of 1%, as long
as the sample was exposed to vacuum, indicating that
the paraffin layer alone has no noticeable effect on the
specular reflection of 25-6Hz phonons. A pro-
nounced drop in R was found, however, when heli-
um was added to the coated quartz surface, as seen
in the lower trace of Fig. 1. Thus the paraffin medi-
ates the interaction between the phonons and the
helium.

The problem of interest is now how the decrease of
the reflection coefficient depends on the phonon in-

tensity. Our results showing this dependence are
plotted in Fig. 2 for phonon intensities varying over
three orders of magnitude. An unsaturated helium
film of d = 10 A was used here to suppress the
Khalatnikov transmission. The saturation observed
at high intensities is reminiscent of the ultrasonic ab-
sorption in amorphous solids where the attenuation
of phonons is ascribed in part to the resonant absorp-
tion of TLS with a broad distribution of excitation

energies'.

n = no tanh(tee/2kT)/(1 + I/I, ) '

where n0 expresses the attenuation at temperature
T =0 and intensity I=0, and the additional factor
describes the population dependence with the critical
intensity I,. At high intensities the absorption fol-
lows an I ''law. In our case, O. corresponds to
1 —R. To compare the data of Fig. 2 with the I ' '
law, we have plotted log~p(1 —R) in Fig. 3. In fact,
there is close agreement at high intensities.

At very low intensities, 1 —R should become con-
stant according to (1). Unfortunately, this range was
not accessible within the restricted sensitivity of our
experiment. However, the deviation of the data in
Fig. 3 from the straight line, apparent at the lowest
intensities, might be an indication for the onset of
this constant regime. Although an accurate deter-
mination appears to be difficult, the data at least al-
low one to give an upper limit for the critical intensi-
ty, I, ~1 mW/cm . From the critical intensitity, the
relaxation rate 7 = 7H + T ( of the TLS can be ob-
tained'0:

Ic = (~ psol&sol /2~sol ) r (2)

Here p„~=0.95 g/cm' and v„&=1.4 X10' cm/s are
the density and longitudinal sound velocity of paraf-
fin, " and M„i is the deformation potential of the
TLS due to deformations of the solid. Typically,
M„i =1 eV is found for glassy materials. Taking
these values, we find as an upper limit: v

'

~10' s '.
As long as there is no helium on the surface, the

excited TLS can relax only via ~,,'i. The fact that no
attenuation was observed without helium even for
the lowest intensities implies that v,,i is small so that
I, « I, and n ~0 according to (1). As soon as heli-
um is added to the surface, the TLS can relax also
via the second channel, at the rate 7H,'. The fact that
attenuation was indeed observed in this case implies

1.00—

I

UJ

Cd

LL
LL
UJo 0.9~-

X
O

O

p% 0.90-

0.01 .—

4 L4Kiver
4L
%F

10

. I . I

10 10

PHONON INTENSITY ( W /cm2 j

10

FIG. 2. Absolute phonon reflection coefficient of a paraf-
fin-coated quartz sample as in Fig. 1(b), as function of the
phonon intensity. Full symbols, in contact with helium and
open symbols, without helium.
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that vH,
' && r,,'~ so that I„and hence 0, is increased.

Therefore, we have vH,
' = v

' and also 7H,
' ~10' s '.

On the other hand, the emission rate into the
liquid He can be expressed by

&He = (MHz Ql /2m)1pH, vH, ) coth(Itch/2kT) . (3)

Using pH, =0.146 g/cm and vH, =2.4 &10"cm/s we
thus obtain a lower limit for the deformation poten-
tial of the defects by the helium density fluctuations:
MH, ~2 meV. This is just the order of magnitude
expected for a coupling via van der Waals forces
between the defect atom and the surrounding helium.

Thus, the present data on paraffin coated surfaces
with phonons at nearly perpendicular incidence
demonstrate that the energy transfer between solids

and liquid helium is mediated by saturable defects in
this case. Also, the deformation potentials give
quantitative support to the defect model. In the
more general situation of oblique incidence, the pho-
non strain is much larger at the surface, so that less
defects are required for the same absorption probabil-
ity. On "normal" surfaces, the natural abundance of
surface defects like steps, kinks, adatoms, adsorbed
molecules, or layers of ice may hence be sufficient to
explain the anomalous Kapitza conductance by the
same mechanism.
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