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We report quartz crystal measurements of the adsorption of SHe - 4He miz- 
ture films to gold and cesium substrates as a function of temperature and 
concentration. Measurements for higher concentrations than reported earlier 
show steps in the adsorption at low temperatures. Speculations as to the 
origin of these steps are presented. 

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

Cheng et al.1 predicted and it was subsequently confirmed 2'3 that  4He 
does not wet cesium at low temperatures.  In general, wetting occurs when ~r d 
+ ~lv _< -po fV(z )dz ,  where oral and ~rl~ are the solid-liquid and liquid-vapor 
surface tensions, respectively, z is the coordinate normal to the substrate 
surface, and Po is the bulk 4He density. Thus, in terms of the model potential  
proposed by Cheng et al. 4 for trjt ~ trl~, wetting occurs whenever (C3I)2) 1/s 
_> 3.3 trl~/po, where D is the depth of the pair potential  and Cs is the 
coefficient of the van der Waals term. For 4He-Cs, CaD 2 is quite small and 
the wetting inequality is not satisfied at low temperatures.  

The addition of SHe to a 4He film results in a lowering of the surface 
tension at low temperatures since the SHe occupies a surface state on the 
4He film. It  was predicted by Pettersen and Saam 5 that  this reduction in 
the surface tension would be adequate to satisfy the inequality and that  the 
presence of the SHe would make the wetting of helium to cesium re-entrant: 
wetting would occur at low and high temperatures but would not occur at 
temperatures  in between. Ketola and Hallock 6 confirmed this prediction. 
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Here we extend their work to higher concentrations and report the obserw- 
tion of a new feature in the data. 

2. A P P A R A T U S  

Two quartz crystal resonators with Au electrodes are mounted in an 
experimental chamber and one is coated in situ with Cs. We obtain the 
resonance frequency and a measure of changes in the total Q of the system 
by using a feedback technique similar to that developed by Lea et al7 A 
signal generator creates a high frequency carrier signal, f0, which is frequency 
modulated and fed to one of the electrodes of a resonator. The AC signal at 
the other electrode of the resonator is amplified and converted to a DC signal 
proportional to the power of the AC signal by a diode detector. This low 
frequency signal from the diode detector output is measured using a lock-in 
amplifier. The output of the lock-in has a zero-crossing when the frequency 
of the signal generator equals the resonance frequency of the crystal. The 
feedback loop is dosed by applying the output of the lock-in to the frequency 
modulation input on the signal generator. In this way, the frequency fo, 
about which the high frequency signal is modulated, stays locked to the  
resonance frequency of the crystal. We also measure changes in the Q of 
the system by measuring the DC voltage which is at the output of the diode 
detector. We expect that the Q is proportional to the square root of this 
voltage, where Q is that resulting from the quality factors of the quartz~ the 
circuit, and the helium film adsorbed to the crystal adding in parallel. 

3. E X P E R I M E N T A L  R E S U L T S  A N D  D I S C U S S I O N  

Fig. 1 shows the frequency as a function of the temperature for the Au 
and the Cs crystals for the case a particular fixed number of 4He atoms in the 
cell. The solid (open) symbols are for cooling (warming). The sensitivity of 
the crystals, due to their operation in the third harmord% is approximately 
1.8 Hz per layer of normal 4He. 

The Au crystal frequency decreases (Fig. la) as the temperature is re- 
duced from 2.0 K and there is a KT transition at approximately 1.4 K which 
results in the frequency rapidly increasing by about 2 Hz due to the decou- 
piing of superfluid mass from the substrate. As the temperature is lowered 
further, the frequency rapidly drops as the condensation temperature, TN 
(~ 1.3 K), is approached for the fixed number of atoms in the cell and the 
film thickness grows rapidly. For T ( TN, the vapor is saturated and the 
film thickness remains constant at a value which is determined by the height 
of the Au crystal above the bottom of the cell. The Au frequency increases 
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Fig. 1. Quartz crystal frequency v s .  T(K) for (a) Pure 4He- Au, (b) Pure 
4He-  Cs, (c) 3.5 % 3He-  Au, (d) 3.5 ~o aHe-  Cs. 

as the temperature is lowered below TN because the superfluid fraction in- 
creases as T decreases. There is no hysteresis apparent on warming. 

The behavior of the Cs frequency is very different (Fig. lb).  There 
is no growth of the film upon cooling from 2 K down to ~ TN. There 
is no sign of a KT transition at any temperature. As TN is reached, the 
Cs frequency drops by about 2 Hz. We interpret this to be due to a film 
of 4He adsorbing to non-cesiated less sensitive parts of the quartz crystal 
and perhaps to the (possibly somewhat rough) Cs surface at and below TN. 
Since the Cs frequency does not change much for T _< 1.25 K, we Lurer that 
any 4He film adsorbed to the Cs must be very thin, certainly too thin to 
show superfluidity. For this case of pure 4He, we observe no hysteresis of the 
Cs frequency as a function of temperature. 

We have measured the Au and Cs frequencies as a function of temper~ 
ature for a number of different 3He concentrations in the range X=0.001 - 
0.750 where X=Ns/(Ns+N4)  is the concentration in the cell. We measure 
the frequency as the cell is cooled from 2K down to ~ 50 mK and then as the 
temperature is increased back up to 2K. In Fig. lc- ld ,  we show the data for 
X=0.035 (3.5%). The effect of adding SHe to the cell on the Au frequency 
can be seen for this concentration (Fig. lc) only at low temperatures. Near 
700 mK the Au frequency begins to drop as the temperature is lowered due 
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to SHe adsorbing out of the vapor into the 4He film. We interpret the in- 
crease observed for T _< 450mK as likely due to some of the SHe moving 
from the bulk states to the liquid-vapor surface states in the 4He film and 
the beginning of phase separation. Presumably, the coupling between the 
3He atoms and the shear motion of the crystal is less when the 3He is at 
or near to the free surface of the 4He film since the film thickness is large 
enough to be comparable to the viscous penetration length. We observe no 
hysteresis when warming the Au crystal. 

The behavior of the Cs crystal frequency as a function of temperature 
is quite different (Fig. ld). Upon cooling, the behavior is similar to that of 
the pure 4He case until the temperature reaches the vicinity of 500inK, for 
this concentration. The Cs frequency rapidly drops upon cooling through 
the temperature labeled Th. Once the temperature is cooled below T~, the 
frequency continues to decrease, but the rate of change of the frequency with 
temperature is decreased. At a temperature near 250ran the Cs frequency 
levels off and then begins to increase as the temperature is decreased further. 
This behavior is qualitatively similar to the low temperature behavior of the 
Au frequency. Note that the Cs frequency minimum is at 250inK; whereas 
the Au frequency minimum is at approximately 500inK. Upon warming 
a hysteresis loop opens up at Te and then closes when TN is reached (~ 
1.3 K). The behavior of the Cs frequency during warming between 1.0 K and 
1.3 K shows curvature due to the increase of the normal fluid fraction as 
the temperature is increased which indicates that a thick 4He film is present 
on the Cs surface. We believe that To, or possibly Th, is a measure of the 
reentrant wetting temperature and so upon cooling, the Cs is nonwet above 
Th. When the temperature is raised back above T~, the Cs stays wet because 
the helium film is in a metastable state. When the temperature rises above 
T/v, helium goes into the vapor from all surfaces and the Cs surface becomes 
devoid of helium. The hysteresis loop is reproducible, l~ecently, Ross et als 
have carried out a similar experiment, obtained similar data, confirmed this 
general behavior, and extended the analysis to claim the possible presence 
of SHe at the He-Cs interface. We did not conduct such an analysis due to 
uncertainty in ~ral and the film concentration. 

In Fig. 2a-2b, we show the Au and Cs frequencies as a function of tem- 
perature for cooling and warming for X = 10.65%. The effect of the increase 
in SHe in the cell on the Au frequency is to increase the depth of the fre- 
quency minimum which is at approximately 500 mK. We note from more 
extensive measurements that the temperature of this frequency minimum 
increases with the concentration X. Although the Tmln vs. X coordinates do 
not match the bulk phase separation curve very well, for X >> 6% the fre- 
quency minimum is likely associated with phase separation in the (saturated) 
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Fig. 2. Quartz crystal frequency v s .  T(K) for (a) 10.65 % 3He- Au, (b) 
10.65 % SHe- Cs, (c) 40.0 % 3He- An, (d) 40.0 % aHe- Cs. 

film. For the Cs case, the reentrant wetting occurs at a higher temperature 
than for the case of X = 3.5%, as is evident in Fig. 2b. Upon cooling be- 
low Tc , the frequency decreases and at a temperature labeled Ta there is a 
sharp downward shift in the frequency. Below T~ the frequency continues to 
decrease and then there is an increase in the frequency near 120mK. There 
is some hysteresis upon warming from the minimum temperature to T,. 

For all concentrations x > 8.0%, the cooling frequency data for the Cs 
crystal exhibit steps at a concentration dependent temperature, Ta. For 
X _> 25% (Fig. 2d shows data for X = 40%) there are two steps which 
are apparent on cooling. It should be noted that upon warming, there is 
hysteresis in the vicinity of the step. In particular, the frequency jumps 
up at a higher temperature than the temperature at which the frequency 
jumped down and there is typically only one step up. The rapid rise in 
the frequency at the lowest temperatures in the range 120-150ink which 
is observable for most of the concentrations is not presently understood. 
Relatively long time constants are present for T < 150inK. The downward 
steps in the frequency might be due to a loading of 3He bound states at the 
Cs surface (so-called substrate states) which have been predicted to exist 9 
but have not been unambiguously observed. For this to be the case, the 
potential seen by the SHe must be a function of X. One expects that the 
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Fig. 3. T,  vs. concentration. The T~ X coordinates are similar to the bulk 
phase separation curve for X < 15 %, but not for higher concentrations. 

occupation of the predicted substrate state would be a thermally activated 
process, but the data show sharp features as a function of temperature.  The 
occupation may  accelerate once it commences as the tempera ture  is lowered, 
as might be the case if the SHe energetics were altered by finite occupation. 
The hysteretic behavior of T,  as a function of X is shown in Fig. 3. 
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