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The reflection coefficient of longitudinal 25-GHz phonons at a quartz-liquid 
4He interface was measured for various phonon intensities. For thoroughly 
cleaned quartz surfaces a reflection coefficient of I independent of the incident 
intensity was found. When the sample was covered with a thin hydrocarbon 
film, however, the reflection coefficient dropped by typically 5-10% when 
the phonon intensity was low. At  high intensities this extra phonon loss dis- 
appeared, suggesting the saturation of the inelastic processes at the quartz- 
helium interface. 

1. I N T R O D U C T I O N  

The heat transport  f rom a solid into liquid helium is surprisingly 
effective in view of the "classical" mechanism of phonon transmission. 
Therefore,  an additional mechanism is generally assumed, which is called 
anomalous Kapitza conductance (for a review see, e.g., Ref. 1). This 
mechanism is already operat ive when there is only a thin film of 1-2 atomic 
layers on the surface. This is demonstra ted by the fact that a thin film can 
absorb monochromat ic  phonons and, after a delay time, reemit  phonons 
with shifted frequencies back into the solidfl Thus, the additional 
mechanism must be related to the propert ies of these 1-2 atomic layers, 
which are known to be strongly attracted by the solid through van der Waals 
forces. 

One remarkable  proper ty  of the film is in fact the strong anharmonicity 
which manifests itself by the phonon frequency shifts. One might relate this 
to a possible disordered structure at the surface. That  disordered materials 
exhibit strong anharmonicities indeed was recently observed in glasses. 3 So 
it is natural to look for other propert ies that are characteristic for a 
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disordered structure. The most pronounced property of glasses, which has 
led to the picture of two-level systems, 4 is that of the saturation of the 
ultrasonic absorption at higher power levels. The purpose of this paper is to 
look for similar properties of the helium film, i.e., for a saturation of the 
anomalous Kapitza conductance at high power levels of monochromatic 
phonons. 

To reach saturation, the phonons should not only be intense, but also 
highly monochromatic. Therefore, stimulated Brillouin scattering appears 
as the most promising method. 

2. E X P E R I M E N T A L  

Stimulated Brillouin scattering (SBS) has been used in the past as a 
convenient method to generate and investigate phonons in the GHz range 
(for a review see, e.g., Ref. 5). The setup in general is quite simple: to achieve 
SBS the intense beam of a giant pulse laser is focused into a sample. Above a 
certain threshold intensity the interaction between this incident light 
(together with backscattered BriUouin light) and the sample material leads 
to the buildup of a very intense longitudinal phonon field. These phonons 
are highly monochromatic, just as the incident laser light, and have a 
wavelength given by 

hph = hL/2n  (1) 

where AL is the laser wavelength, e.g., 694.3 nm for a ruby laser, and n is the 
refractive index of the material. The resulting phonon wavelength in a 
typical material like X quartz is 224 nm, which corresponds to a frequency of 
24.8 GHz. In addition to the phonons which propagate in the direction of 
the incident light, an intense beam of backscattered Brillouin light is 
observed, shifted in frequency by 

Av = 2nvs/hL (2) 

A~, is equal to the frequency of the SBS phonons; thus an analysis of the 
Brillouin light can be used, according to (2), to determine the phonon 
velocity v~. 

Important modifications were necessary for the application of SBS to 
the problem of the Kapitza resistance. Since the phonon reflection 
coefficient at the solid surface was to be determined to a high accuracy, plans 
were to use a thin sample and observe a large number of successive 
reflections of the SBS phonons. On the other hand, for the stimulation 
process a large interaction volume between laser light and sample and hence 
a thick sample is required. This dilemma was circumvented with the setup 
shown in Fig. 1. 
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Fig. 1. Experimental setup for measuring the reflection coefficient of 
phonons at a solid-liquid helium interface. The phonons are generated in 
the sample by superposition of the light of the giant pulse laser and the 
SBS light from the oscillator. Phonon detection is achieved by Bragg 
scattering of the test laser beam (Bragg angle 3~ The inset shows the 
phonon path in a sample tilted by an angle 8. The width of the phonon 
beam as well as the diameter of the focused test light are about 0.2 ram. 

The method is derived from the oscillator-amplifier technique used by 
Pohl e t  e l .  6 For the generation of phonons, light from a giant pulse ruby laser 
(pulse length 20 nsec, peak power 5 MW) is focused into a quartz crystal, 
which serves as "oscillator." This crystal has a length sufficient for the 
stimulation process to occur. The only task of the oscillator is to supply an 
intense beam of Brillouin light. Superposition of Brillouin and laser pulse in 
the "amplifier," which is the actual sample, then leads to the generation of 
coherent phonons as for usual SBS; the difference, however, is that for this 
process no threshold exists, so that the sample, a quartz plate, can be made 
very thin. 

The fact that a threshold does not exist also allows us to vary the 
intensity of the phonons simply by detuning the Brillouin frequency of the 
oscillator with respect to that of the amplifier. This was achieved by slightly 
changing the orientation of the oscillator crystal, making use of the ani- 
sotropy of the sound velocity. 

The phonons generated in this way can be detected with another laser 
beam, which is Bragg-reflected from the coherent phonon field. The 
resonator length of this second ruby laser was increased to several meters, 
and its Q-switch was removed. The emitted light pulses then have an 
intensity a factor of 100 below that of the giant pulse laser, but are 
considerably longer, and are thus suitable to probe the phonon field long 
after the generation process has ended. In the experiment, the light of this 
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test laser was switched on by means of a Pockels cell only after the phonons 
had been generated by the giant pulse to avoid heating of the sample. 

The Bragg-scattered light was detected by a photomultiplier, and the 
pulse pattern of each single shot was displayed on a fast storage oscilloscope. 
Simultaneously the intensity of the incident test laser light, which was 
slightly varying in time, was recorded on a second oscilloscope. The ratio of 
the scattered and the incident light intensity is then proportional to the 
phonon intensity. 

Since the intensity of the Bragg-scattered test light is weak, the strong 
SBS background has to be separated from it in order not to disturb the 
measurement. This was achieved in the following way: The ruby of the test 
light laser was cooled to liquid nitrogen temperature, where laser emission is 
shifted from 694.3 to 693.4 nm. The Bragg angle for the test light is then 3 ~ 
This allows a spatial separation from the SBS beam. Still, a certain amount of 
SBS light, and also of incident laser light, is scattered from imperfections of 
the sample into the direction of the photomultiplier. This component at 
694.3 nm was suppressed by an interference filter. 

The test light reflected from the sample consists of two parts, the actual 
signal due to the backscattering from the phonons, and a background beam 
reflected from the sample surface. In order to reduce the latter component, 
the sample plane was tilted slightly so that the geometrically reflected beam 
could be blocked off. Due to the inclination of the quartz plate by an angle t5 
with respect to the giant pulse beam the SBS phonons, after being reflected 
once from the sample surface, do not meet the Bragg condition for the test 
light. Only after the second (and subsequent even) reflections, when the 
phonons propagate in their original direction, is Bragg-scattered light to be 
expected. This leads to the maximum-minimum structure shown in Figs. 2 
and 3. 

Tilting the sample plane has an additional advantage: After every 
second reflection the position of the phonon beam is shifted by a small 
amount Aa = 8 �9 d, where d is the thickness of the sample. Therefore the 
phonons will have left their generation volume after a certain time, adjust- 
able by changing the angle S, and can then be probed in a crystal region not 
directly exposed to the high intensity of the giant pulse. Regarding possible 
heating effects, this check appears to be very important. 

3. RESULTS 

Figure 2 shows a typical signal obtained from a quartz plate 0.35 mm 
thick and suspended in vacuum, i.e., without helium at the surface. In this 
example the test light completely overlapped the phonon generation 
volume, and the tilt angle of the plate was so small that the phonons could 
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Fig. 2. Light intensity as obtained from Bragg scattering at coherent longitudinal phonons in 
a 0.35-ram-thick X-quartz plate. The echo pattern results from successive reflections of the 
phonons at the sample surface. The time interval between the peaks, corresponding to one 
round trip of the phonons, is 110 nsec. The slightly oscillating structure is due to the varying 
intensity of the incident test light. The sample, suspended in vacuum, was at a temperature 
of 1.8 K. 

not leave the test light volume during the displayed time interval of 3/xsec. 
The first pulse on the oscilloscope trace, a superposition of stray light from 
the giant pulse and of Bragg-scattered light, marks the time of phonon 
generation. The subsequent pulse pattern arises from phonons successively 
reflected back and forth in the sample plate. The distance between the pulse 
maxima, 110 nsec, corresponds to one round trip of the phonons. 

A decay of the pulse heights on Fig. 2 is only barely visible, which 
indicates that even after 50 reflections the number of phonons is nearly the 
same. This implies not only that phonon damping in the bulk material is very 
low--which is known already from other experimentsT--but also that the 
phonon reflection coefficient at the surface is close to unity. Loss of phonons 
due to inelastic processes is therefore negligible when no helium is present. 

In Fig. 3 a similar pulse train is shown, yet with the sample plate tilted at 
S = 2 ~ and with the focus of the test light shifted 0.5 mm away from the 
phonon generation volume. Consequently the SBS phonons could not be 
detected immediately after the giant pulse. The Bragg signal only appeared 
after about 20 phonon reflections, increased to a maximum, when the 
phonon field was completely within the test light volume, and then decayed 
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Fig. 3. Echo pattern obtained under similar conditions as in Fig. 2, but with the tilt angle t5 
increased and the detection volume shifted, so that the phonons become observable only 
after about 20 reflections. 

again as the phonons were gradually leaving that volume. Although an 
absolute determination of the reflection coefficient R was not possible in this 
case, the change of R by helium could still be accurately determined by the 
following procedure: First, the pulse heights of each pattern were normal- 
ized with respect to the incident test light as described above. Then, an 
average over 15 similar patterns was taken with the sample in helium, and, in 
the same way, also with the sample in vacuum. The normalized and averaged 
pulse heights with helium were then divided by the pulse heights without 
helium. This yields the loss of phonon intensity from pulse to pulse due to the 
presence of helium, i.e., the change of R, by noting that the number of 
reflections is twice the pulse number. The resulting accuracy in R was better 
than +1%. 

In preliminary measurements we found that when the quartz surface 
was covered with helium a reflection coefficient of less than 1 was observed 
indeed. As expected from the measurements of Sabinsky and Anderson, 8 
however, this helium effect at 25 GHz was crucially dependent on the 
surface treatment. When the sample was carefully cleaned before the 
experiment and cold traps were used to shield the sample surface from pump 
oil vapors, the reflection coefficient was not affected by the presence of 
helium within our accuracy. Under less controlled conditions, on the other 
hand, the decrease in R by addition of helium usually amounted to 5-10%. 
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Fig. 4. Echo intensity averaged over 15 patterns of the type shown in Fig. 3 
and arbitrarily normalized to echo number 11. The phonon frequency is 
24.8 GHz, the sample temperature 1.8 K. (1) Sample on vacuum; (2, 3) 

�9 �9 �9 4 . . . .  sample in hqmd He. The phonon intensity for data set 3 is about five t~mes 
higher than for set 2. The absolute value of the intensity, not determined to a 
high accuracy, is of the order of 10 W/cm 2. 

Therefore in the following experiments a definite amount of impurities 
was used by covering the thoroughly cleaned sample on both sides with a 
layer, 100-1000 ~ thick, consisting of a mixture of alcanes with carbon 
atoms ranging between 8 and 16. 

Figure 4 shows echo intensities for a sample treated in such a way (the 
alignment of the sample plane and the test light beam corresponds to that of 
Fig. 3). For pulse sequence 1, the quartz plate was in vacuum, while for 2 and 
3 it was immersed in bulk liquid helium. In order to detect possible 
saturation effects, the phonon intensity was varied, and for the data of 
sequence 3 was chosen to be a factor of five higher than for sequence 2. 

Because of the different phonon intensities, the pulse heights are 
arbitrarily normalized at echo number 11 for a better comparison of the 
envelope shape. All three echo patterns were obtained during the same 
experimental run, and from the same spot of the sample surface, so that also 
the details of the hydrocarbon layer were always the same. 

Two conclusions can be drawn from Fig. 4: 
(i) From sequence 2 it is obvious that adding helium to the surface leads 

to a distinctive reduction of the phonon reflection coefficient. This indicates 
that a hydrocarbon film and helium, simultaneously present, effectively 
attenuate phonons incident on the surface. 

(ii) A comparison of sequences 2 and 3 shows that the reflection 
coefficient depends on the incident phonon intensity. Apparently, R is 
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higher for larger intensity, which is typical for a saturation behavior. The 
value of R derived from the normalized echo amplitudes is R = 0.94 for the 
low and R = 0.97 for the high intensity. 

On several individual shots, the phonon intensity was even large 
enough so that the reflection coefficient was indistinguishable from R = 1.0, 
indicating complete saturation. 

Before we can actually interpret our results in terms of saturation 
effects, however, we must carefully consider more trivial explanations. 

(i) Most obviously, the intense phonon beam might remove the helium 
atoms from the sample surface by excessive evaporation. 9 This would 
increase the reflection coefficient toward the value in vacuum. As a 
consequence, the evaporating He atoms should form a gas film on the 
sample. One should be able to detect this film by optical means as soon as its 
thickness becomes comparable to the wavelength of the test light. In a 
separate experiment, we have therefore generated heat pulses by the 
absorption of light in the sample, and we found that such a gas bubble can 
develop indeed. However, for the bubble to appear within 500 nsec, a 
phonon intensity of the order of 1000 W/cm 2 incident on the sample surface 
was required. When the intensity was reduced by a factor of five, no bubble 
formation was observed. Since in the present experiment the maximum 
phonon intensity was only about 10 W/cm 2, and more than 90% of the 
phonons were reflected, our intensity was by far not sufficient to evaporate 
He atoms in the presence of bulk liquid. 

(ii) The direct interaction of the giant pulse and Brillouin light with the 
surface, on the other hand, cannot be responsible for the increase in R 
either. First, the generation and detection volumes were separated in the 
experiment shown in Fig. 4. Second, the phonon intensity was changed by 
detuning the Brillouin frequencies (see above), so that the light intensities 
were always constant except for unavoidable fluctiations (5 %) of the laser. 
To study the influence of these fluctuations we varied in one run the light 
intensity on purpose by a factor of two while keeping the phonon intensity 
constant. The reflection coefficient remained unchanged. 

(iii) We should also mention that a variation of the phonon intensity 
with the sample in vacuum did not show any influence on the reflection 
coefficient. 

As already mentioned, also for samples prepared in a less well-defined 
way--namely those exposed to pump oil vapors--R was found to drop from 
the vacuum value R = 1.0 by typically 5-10% when helium was admitted, 
and sometimes reflection coefficients even as low as R = 0.8 were observed. 
The phonon loss at the surface could again be saturated almost completely 
by high acoustic intensity. 

For saturation effects to appear it was not necessary that the quartz 
plate was surrounded actually by bulk liquid. Measurements in helium gas 
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yielded the same results even when the sample was covered with a film of 
only about two atomic layers. This further indicates that the processes 
responsible for the observations reported here must be located in the 
immediate vicinity of the quartz-helium interface. 

4. DISCUSSION 

Our results confirm that there exists a discrepancy between the 
theoretical and the experimental phonon reflection coefficient for a 
frequency between the usual ultrasonic regime--where so far no anomalous 
reduction in R has been observed--and the high frequencies of heat pulse 
and phonon spectroscopy techniques. In agreement with results of Sabisky 
and Anderson, 8 the decrease of the reflection coefficient in the present 
measurements at 25 GHz is not as pronounced as for frequencies above 
100 GHz. 

In our experiment a relatively simple cleaning procedure--soaking the 
samples in highly pure acetone and distilled water--was sufficient to 
suppress the anomaly. This compares well with the results of Anderson and 
Johnson, 1~ who observed a Kapitza conductance close to the Khalatnikov 
value (which corresponds to a large reflection coefficient) on only midly 
cleaned samples for long-wavelength thermal  phonons in the low-GHz 
range. In comparison, at a phonon frequency of 280 GHz, Weber etal .  H had 
to cleave crystals at low temperatures and in ultrahigh vacuum in order to 
prepare surfaces clean and smooth enough so that a reflection coefficient 
close to 1 could be obtained. The difference in the sensitivity to surface 
treatment might be attributable to the phonon wavelength, which in the 
present work is an order of magnitude larger than in Weber et al. 's 
experiment. It seems plausible that irregularities at the surface, as long as 
they are small, can affect only short-wavelength phonons, whereas a deeper 
roughness or larger amounts of impurities are required to affect the 200 nm 
phonons investigated here. 

What appears as the most important aspect of our results is that 
saturation of the phonon losses at the surface can be achieved by high 
acoustic intensity. This feature bears resemblance with the acoustic proper- 
ties of amorphous solids like glasses, where the saturation of ultrasonic 
absorption has been studied quite thoroughly. 12 In these materials the 
attenuation of phonons is ascribed in part to resonant absorption of two- 
level systems, or tunneling states, resulting from the disordered structure. At 
sufficiently high intensities, these two-level systems are equally populated 
and then can no longer contribute to the absorption. 

In our experiment a similar explanation for the intensity dependence of 
the phonon reflection coefficient is suggestive. As for most other disordered 
systems studied to date, the microscopic origin of the two-level systems is 
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s o m e w h a t  obscure .  Ye t  one  might  th ink  of two poss ib le  mechan i sms  for  how 
the sa tu rab le  p h o n o n  loss at the  surface can ar ise:  

(i) A sufficient n u m b e r  of two- leve l  sys tems might  exist  in the  dis-  
o r d e r e d  h y d r o c a r b o n  chains  a l r eady  wi thou t  hel ium.  In this case the  l i fe t ime 
of  the exc i ted  s ta tes  must  be a s sumed  to be long enough  so tha t  s a tu ra t ion  is 
r e ached  even with our  lowest  intensi t ies .  W i t h o u t  he l ium one  will t he re fo re  
obse rve  a ref lec t ion coefficient  of  abou t  unity.  H e l i u m  filling the  open  
reg ions  of the  i r regu la r  s t ruc ture  then  wou ld  l ead  to a sho r t e r  l i fe t ime in a 
s imi lar  way  as e lec t rons  do  in meta l l ic  glasses.  ~3 This  will r equ i re  a 
cons ide rab ly  h igher  in tens i ty  for  sa tura t ion .  

(ii) On  the o the r  hand,  the  he l ium a toms  m a y  d i rec t ly  fo rm two- leve l  
sys tems if the  i r regu la r  van de r  W a a l s  po t en t i a l  of  the  h y d r o c a r b o n s  induces  

an i r regu la r  (glassy) s t ruc ture  in the  a tomic  layers  in he l ium next  to them.  
Then  the coupl ing  of  the  p h o n o n s  in the  solid to the  two- leve l  s ta tes  may  be 
due  to a m o d u l a t i o n  of the  i r regu la r  van der  W a a l s  po ten t i a l .  

O u r  e x p e r i m e n t  does  not  yet  a l low us to d is t inguish  b e t w e e n  these  
d i f ferent  poss ib le  or igins of the  two- leve l  systems.  Yet  the  p re sen t  resul ts  
p r ov ide  c lear  ev idence  for the  first t ime* that  s a tu rab le  s ta tes  can rea l ly  exist  

and,  f u r t he rmore ,  can rea l ly  be  r e spons ib le  for  the  a n o m a l o u s  Kap i t za  
conduc tance ,  at l eas t  in the  special  sys tem s tud ied  here .  
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