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PACS. 67.80 - Solid helium and related quantum crystals. 
PACS. 64.70D - Solid-liquid transitions. 
PACS. 81.10F - Growth from melts. 

Abstract. - We have measured the transmission of acoustic waves through a rough 4He 
superfluid interface at 15, 45 and 75 MHz between 0.4 and 1.1 K. The phonon transmission is 
enhanced at low temperatures for the higher frequencies, in place of rapidly decreasing with T 
as explained by the high mobility interface theory. These experimental results are very well 
interpreted with the help of the surface inertia introduced by Puech and Castaing. 

1. Introduction. 

We report measurements of the temperature dependence of the transmission coefficient 
of high frequency (15, 45 and 75MHz) sound waves at the rough 4He superfluid-solid 
interface, and we give their interpretation. Previous experiments of Castaing, Balibar and 
Laroche (CBL) [l] reinterpreted by Castaing (C) [23 at 1 MHz and of Moelter, Manning and 
Elbaum (MME) [3] at  10 MHz show that sound transmission is a very good tool to study *He 
crystal growth. For temperatures above the roughening transition, melting is a very fast 
process and the transmission of sound is affected. It was found to rapidly decrease as the 
temperature is lowered although the acoustic mismatch theory predicts temperature 
independence. However, in the case of infinite interface mobility a t  low temperatures the 
transmission is expected to be partially restored if the work of tension forces at the interface 
is f;aken into account. This theory due to Marchenko and Parshin [4] predicts a frequency 
dependence of the sound transmission and a T - s  variation of the Kapitza resistance RK as 
experimentally observed. But the order of magnitude of the calculated value of RK is too 
high. In a modified version of fast melting theory Puech and Castaing (PC)[5] have 
introduced the notion of growth-inertia. This new concept, purely phenomenological, 
reconciles the experience and the theory. But the calculation incorporates the effect of a 
wide band of phonons. This fact triggered our interest to investigate directly the 
transmission of a high-frequency monochromatic ultrasound wave through a rough 4He 
interface. 

(*) Associated with the Centre National de la Recherche Scientifique. 
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2. Theory. 

According to PC and Uwaha and Nozi&res[6], in the hydrodynamical regime, a very 
small difference between the chemical potentials between liquid and solid Ap results in a 
mass current J through the interface such as 

Ap = (u /pLpc )J  + K - ' J ;  (1) 

K-', a friction coefficient, is the inverse interface growth coefficient; U can be interpreted as 
the interface mass per unit area. FL and p c  are, respectively, the densities of the liquid and of 
the crystal. We add to eq. (1) the mass conservation equation J = pc(Vc - V )  = pL(VL - V ) ,  
where V, VC and VL are the components of, respectively, the interface velocity and the solid 
and liquid phase velocities perpendicular to the interface and the momentum conservation 
equation 6 p ~  = 6pc, where 6pL and 6pc are the pressure variations in the liquid and in the 
solid. The amplitude z of the transmitted energy is easily deduced: 

x L  and xc are the acoustic impendances of the liquid and the crystal and C can be defined as 
a complex interface impedance which is the sum of an inertial impedance C, and a friction 
one &: 

More rigorously we have to consider the heat emission on both sides of the interface 
associated to melting or growth. The full calculation [7] shows that the isothermal growth 
coefficient K has to be replaced by an effective growth rate KeE, This correction can be 
neglected at  least in a first approach[8]. From eqs. (2) and (3) 7 can be written 

(4) 4 ZL zc 
T =  

(ZL + ZC + ZLZC <Kll</2)2 + (ZLZC < c ~ ~ < ~ z ) 2  ' 

Keshishev, Parshin and Babkin (KPB)[9], who deduced K from the damping of 
crystallization waves, have shown that the mobility of a 4He rough interface is limited by the 
bulk thermal excitations, that is, by the rotons of the liquid and the phonons of the liquid and 
the solid according to the f ist  ideas of Andreev and Parshin [lo]. This was confirmed by 
subsequent sound transmission experiments [l-31 or by the Bodenshon-Leiderer (BL) [ H I  
and Leiderer (L) [12] analysis of the relaxation of the interface when the ion pressure is 
released. K-' consists in three terms: 

FC K-' = A  + BT4 + C exp [- A/T] . (5) 

The first term is interpreted as a residual damping varying from sample to sample. A is the 
minimum roton energy. Equation (5 )  shows that the growth resistance and consequently CK 
rapidly decrease when the temperature is lowered. Using the previous experimental value 
of K-' and PC estimation of U it can be calculated that <, becomes larger than CK at T < 0.5 K 
if the frequency v = 30 MHz. Consequently it is expected that at sufficiently high frequency 
the ultrasound transmission coefficient instead of decreasing continuously when T is lowered 
tends towards a constant value. 
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3. Experimental conditions. 

The experiments have been performed at three frequencies 15, 45 and 75MHz and 
between 0.4 and 1.1 K. Melting or growth are controlled by subtracting or adding 4He at 
constant pressure through a capillary. Ultrasound pulses, 5 ps width, were generated and 
detected by two 15MHz lithium niobate transducers. The acoustic path length (1.65cm) 
between the two transducers has been determined using the existing sound velocity data of 
liquid helium [13]. The thickness hc of the as-grown crystal and the velocity af sound Cc have 
been deduced from the analysis of successive transmitted pulses. The crystallographic 
orientation of the sample is determined from the sound velocity [14]. We have observed the 
amplitude dependence of the attenuation a above some incident power level P,,, and always 
used incident power lower than P,=. a expressed in dB can be written under the form: 
a = 10 log (z/zo) + hL a L  + hc ac,  where aL and ac are the attenuation coefficients of the bulk 
liquid and solid in dB/cm, hL is the height of liquid and zo which depends on the setting of the 
apparatus has to be determined for each sequence. aL has been measured when the cell is full 
of 4He liquid. Our results were in complete agreement with the very accurate measurements 
of Roach et al. [15]. If aL is very small (<0.1 dB/cm) at low temperatures (<0.6K), a L  

reaches 20 dB/cm at 75 MHz and T = 1 K. We have measured in the same way ac in the cell 
full of solid for different samples. At low temperatures the interface mobility becomes very 
important and surface vibrations redhibitory. To sum up we have evaluated the precision on 
a to be f 2 d B .  

4. Results. 

Figure 1 shows an example of the temperature dependence of zo/r for three samples at 
different frequencies, after correction for aL and ac effects. Keeping in mind that the vertical 
shift zo is arbitrary and does not vary with T, one remarks the different behaviours of r with 
T at different v :  for the same sample at high temperatures (> 0.8 K) the variation is identical 
whatever the frequency; on the contrary at low temperatures we distinguish between the 
frequencies: at 15 MHz z continuously decreases with T until becoming unmeasurable; for 
the higher two frequencies z tends towards a constant value. If we shift vertically the curves 
to superpose them at high temperatures (as we do for sample c in fig. l), it appears more 
clearly that z is a function of frequency. Hence we have been very tempted to interpret this 
behaviour as the liquid-solid interface inertia signature. 

Six coefficients A, B,  C, A ,  U and zo are to be determined from the 10 logdz, data. Our 
method has been as follows: as a function of temperature two limit-domains can be settled. 
For high temperatures T > 0.8 K the rotons monitor the interface mobility and the inertial 
interface impedance C, is negligible, consequently from (4) and (5) 

We introduce q = x ~ x ~ ( ~ ~  - pL)'/pC/p;. At low temperatures T < 0.8 K the acoustic 
impedances xL and xc become negligible with regard to CK and C,, then 

(7) 

Taking A = 7.2 K which is the real roton gap from neutron measurements we deduce A,  B,  C 
and U from (6) and (7) by least-square adjustments. The subsequent fit between experi- 
mental points and calculated z curves is illustrated by fig. 2. Table I gives A ,  B ,  C and U 

values. 

d z o  = 4xL xc/zo[(A + BT4 + C exp [- AT])' + ( ~ w / p ~ ) ' ] / q ' .  
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Fig. 1. - Experimental dependence of 10 log(zo/z) ws. 1/T for samples a, b, c, at 15 MHz (+), 45 MHz 
(o), 75MHz (*). 

5. Discussion. 

The pre-exponential factor C is calculated by other authors using A = 7.8 K. They found 
0.4) lo5 (for pcK-' in c d s ) :  C = 3.3 a lo5 (KPB), C = (4.6 f 0.9) - lo5 (C, L), C = (5.3 

(MME). 

TABLE I. 

~ 

a 538 15 0.04 k 0.04 5.4 f 0 . 6  0.72 f 0.13 3.1 k 0.2 
45 0.65 5 0.2 0.02 k 0.01 0.72 k 0.13 3.1 k 0.2 

b 520 45 0.6 50.2 8.5 k0.8 2.9 f 0 . 3  7.1 k 0.4 
75 1.34 k 0.2 18 k 2  2.5 50.3 7.1 k 0.4 

C 540 15 0.04 k 0.2 1.95 k 0.2 0.29 k 0.10 1.6 f 0.2 
45 0.00 5 0.01 3.3 kO.1 0.29 f 0.10 1.5 k 0.1 
75 0.06 f 0.02 3.1 k0 .2  0.29 5 0.10 1.7 k 0.1 
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Fig. 2. - Comparison between the temperature dependence of the sound transmission data for sample 
c and the fit which is described in the text. A = 7.2 K. 

MME also give C = (3.3 2 0.2) .  lo5 with A = 7.2 K. On the other hand, PC estimation of Q 

is 2.4 10-lo g/cm2. For comparison our C and Q values for A = 7.8 K would be as given in 
table 11. 

The value of A is a problem: either one fits A as a free parameter or one introduces the 
value deduced from neutron data; as KPB suggested, difficulty comes probably from a 
temperature dependence of C. 

Clearly the ultrasound method is not the best way to measure A .  Its great interest is to 
give directly Q. We emphasize that for the same sample the same Q value permits to take 
into account the variation of zo/z at all the frequencies. This is illustrated in fig. 3 where it 
can be seen that the extrapolated values at T = 0 of r $ / ( 4 2 ~ 2 ~ )  at 15, 45 and 75 MHz vary 
quadratically with v as is expected (eq. (7)). 

TABLE 11. 

Sample Frequency 
(MHz) 

c .10-5 

a 15; 45 2.3 t 0.4 4.6 k 0.5 
b 45; 75 7.2 rt 1 10.5 i 0.5 
c 15; 45; 75 1.5 k 0.3 3.9 k 0.5 
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Fig. 3. - T = 0 extrapolated values of q2/(4zL zc) vs. w2/,& for sample c at A = 7.2 K. The slope of the 
obtained straight line is u2. 

Furthermore the anisotropy of 5 has been put in evidence, contrary to RK analysis, 
because RK measures an average thermal phonon transmission. 

6. Conclusion. 

We have presented an extension of previous measurements of ultrasound transmission 
through a rough 4He interface at frequencies which allow one to get a clear evidence of 
liquid-solid interface mass inertia o and its anisotropy. Additionally the values of the 
mobility coefficient K determined from our data agree with those of previous studies. 
Nevertheless it would be eminently desirable to have at our disposal a complete theory of 
the temperature dependence of the K roton contribution to confrontation between 
experimental and theoretical values of o. 
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