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A 4 ~ e  film shows particular propemes. I "1  ample the superfluid onset temperature 
is shifted to lower temperatures with decreasing fiIm thickness and a reduced superfluid 
fraction is detected [ 1-31. This may be caused by a different excitation specaum with 
respect to the bulk [e-g. 31. In addition a 4 ~ e  film has two interfaces the gas-liquid 
boundary and the liquid-solid boundary, At the gas-liquid bundary quantized capillary 
waves (ripplons) [4-71 can be excited. Concerning the liquid-solid boundary it was 
measured that if the film is deposited on a graphite substrate, that the two Iayers adjacent to 
the graphite are solid [8]. The interesting interface is thus the liquid-solid 4 ~ e  interface. 
Here the freezing-melting wave could be excited 191. In addition this interface could play a 
role in the anomaIous small Kapitsa-resistance. In this report we will give some new 
information about excitations in a 4He fh and at its boundaries. 

EXPERIMENT 

In contrast to previous neutron scattering experiments of 4 ~ e  fiIms [lo, 1 1 J ,  which 
where canied out using graphite powder as substrate, we used this time Papyex (221 as 
substrate. Papyex has ksides a powder contribution oriented graphite crystallites which 
show a 309 (FWHM) mosaic distribution with respect to the c-axis. A densest first layer 
(which under consideration of the pressure of the second layer has a dt f0.115 
atorns/A2 [8]) consisted of 312 cc (STP) 4 ~ e .  The subsequent la to have 
densities of 0.95 atoms/Az [8] .0.078 atorns/%12.0.0'~8.atomsJ%i2. 
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The ineIastic neunon scatteri~ were pl d on the time-of-flight 
specmorneter IN6 El31 at the ILL i aveleng 128L. The detectors are 
located in an angular range of 1 l.P - 113' ; this cosresponds, for elastically scattered 
neutrons, to momentum transfers (Q) between 0.254 - 2.046A-1. The energy resolution is 
only slightly dependent on Q and is about 0.055 peV for elastically scattered neutrons. 
The sample was mounted with the c-axis erpendicular to the scattering plane. The data B obtained from the sampIe cell before my He was adsorbed were used as background and 
su bmac ted from su bsequenx measurements with adsorbed 4He. 

EXCITATTONS AT THE LIQUID-SOLID BOUNDARY 

In previous experiments it was shown that excitations can t>e measured at the liquid-solid 
4He interface, which have a constant dispersion ("flat modes") indicating a localized 
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Fig. l: Position of the signals in the energy-wavenumber plane from 6.4 4 ~ e  layers on top 
of the Ne coated graphite powder at T=0.5 K [lo]. The spectra have k e n  measured on a 
time-of-flight spectrometer, therefore the spectrum number indicates the path along which 
the spectra are taken with constant scattering angle. The solid line represents the bulk 4 ~ e  
signals. The dashed-dotted line shows the peak position of the multiple scattering 
(diffraction of neutrons by the (002) graphite reflection and creation of a roton). 
Accidently, this signal is superimposed on a Imalized mode which are otherwise marked by 
dashed lines. The arrow points to the first indication of the ripplon, which has been 
measured in 4.8 4 ~ e  layers on Papyex (0) [10].This mode does not depend on the amount 
of adsorbed 4He beyond a coverage of 4 layers [I l l .  Now we changed from the powder 
substrate to Papyex and the flat mode lost about 30% in intensity with respect to the roton 
intensity. Thus a more homogeneous substrate and/or the preferential orientation may 
contribute to the decrease of the signal. 

excitation [10,1 I]. This is shown in figure 1, where for a 6.4 4 ~ e  layer film on Ne coated 
graphite powder in addition to the bulk excitations these flat modes show up. Also in the 
case of Ne coated graphite a solid 4 ~ e  layer is next to the Ne layers. The proof that these 
flat modes are localized at the liquid-solid 4 ~ e  boundaxy was given by the fact that this 
mode still persists in a completely with 4~ filled sample cell and that the intensity of 



this m d e  dms not depend on the amount of adsorbed 4 ~ c  beyond a total coverage of 4 
layers [11]. Now we changed from the powder subsaate to Papyex and the flat modes lost 
about 30% in intensity with respect to the roron intensity. Thus a more homogeneous 
substrate and/or the preferential orientation may contribute to the decrease of this signal. 

The main origin of the flat m d e s  was suggested to be an exchange of atoms ktween 
the second solid 4 ~ e  layer (pure graphite substmze) and the liquid 4We. In order to test this 
idea we pteplated the graphite with two layers of H2. The 4He isotherm taken on the 
preplaled graphite [I43 shows that the density of the first 4He layer of 0.072 atarns/lq2 is 
not high enough to be a soPid at least at the tern erature of T=1.96 K. From Ref.15 it can 4 be deduced that a b u t  a density of 0.08 atoms/A is needed to solidify an incommensurate 
monolayer of 4 ~ e .  
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Fig.2: Inelastic neutron scattering scans aIong the path of specmrn n u r n k z  18 in fig. 1 
with an elastic Q = 2-00 A-l. In a) (sample 1) the graphite was preplated by two layers of 
H2 and subsequently 4.6 layers of 4 ~ e  are adsoskd. In b) (sample 2) a pure graphite 
substrate was used with 5.06 adsorbed layers of 4He in total. In both cases the roton 
shows up at an energy tnnsfer of 0.755 meV. The flat mode inzensiry is at about 0.6 meV. 
The fit is a very rough one and focuses mainly on the roton. The temperature is 0.7 K. The 
ordinate is displaced by 250 units ktween 2a) and 2b). The energy scale is negative due to 
a convention on the IN6 spectrometer for the energy transfer. The absolute value is the 
energy msfered to the excitation. 



The comparison of a spectrum taken with and without preplating is shown in fig.2. 
The spectra have been taken at a constant angIe, which corresponds to a Q of 2.00 A- b n  
the elastic line. From figure 1 it is seen that this corresponds roughly to specmrn number 
18 and this scan crosses the bulk dispersion at a Q of 1.92 A-l and an energy of 0.755 
meV. In b t h  cases the roton excitation can be clearly seen. At a lower energy of 0,6 meV 
the intensity of a flat mode shows up. It is evident that this intensity is decreased by a 
factor of two in the case of the preplated sample with respect to the intensity of the not 
preplated sample. This already shows that the suppression of the solid 4He layers 
decreases the intensity of the flat rnades by an appreciable amount, so that the conclusion 
that the solid layers are involved in the local modes is correct. Remember that the in tensity 
of the flat modes does not depend on the 4 ~ e  layer thickness in the range of thickness 
displayed in fig.2 €1 11. These solid Iayers are present in most examples of Kapitza- 
resistance measurements and should be taken into consideration, which means that the 
excitation of a Imalized d e  can render possible a transmission of a phonon from a solid 
through an interface to Iiquid 4 ~ e .  

Another cornpatison has to compare the intensity of the bulk roton signal of the film 
on the different substrates. The intensity increases in the case of the preplated sample 
(called sample 1 with a filIing of 4.6 layers 3 by a factor of 2.2 (same linewidth) with 
respect to the not preplated sampIe (sample 2 with a filling of 5.06 layers including the 
solid ones). This is mainly due to the replacement of the solid 4 ~ e  layers by liquid layers. 
A more careful considerabon gives the FoIlowing result. The filling was 5.06 layers of 4 ~ e  
for sample 2. It turns out (see paragraph: Phonons and Ratons in a 4He-filrn) that 3.5 
layers do not coniibute ro the intensity of phonons and rotons in the case of sample 2, thus 
a layerthickness of 1.56 does only conribute to the signal intensity. An intensity gain of 
2.2 was measured in switching to sample 1 (see fig.2, this factor is also confmed at other 
Q's). This gives 3.43 layers which do conmbute to the signal intensity for sample I.. The 
Filling of sample 1 was 4.6 layers. 'Thus 1.2 layers do not contribute to the intensity of 
phonon and roton excitations. This is about the same number as on the pure graphite 
substrate, where 3.5 layers are inert, but two of them are solid s o  1.5 inert Iiquid layers are 
left. The information which can be taken from the phonon and roton signal intensity for the 
two different substrates is twofold. It f ~ s t l y  conFms that no solid 4He Iayets are present 
i n  the case of the prep1ated sample and secondly it demonstrates a liquid 4 ~ e  layer (1.2 to 
1.5 Iayers) which dws not conuibute to the intensity of the phonons and rotons.in a 3 ~ e  
film on different subseates. 

PHONONS AND ROTONS IN A 4 ~ e - F F  V 

A long outstanding question is how the dispersion curve of bulk liquid 4 ~ e  is changed 
if the 4 ~ e  is confined in a film. A very simple approach was given in Ref.3, where a 
cham ge in the static s m c m  factor was calculated in going from 3-dimensional 4He to 2- 
dimensional 4 ~ e .  This shift resuIts in a lowering of the mton minimum and a shift towards 
lower energies. Our scans hardly approached the roton minimum in Q and on the other 
hand this theory was nor made for the phonons and rnaxons. Thus an other theory was 
considered [5,16]. Here a dear increase: of the energy in the rnaxon region was predicted 
due to the higher density regions of the liquid layers near the solid. However our fits to the 
experimental data, exhibited in  fig.3, show that  a lowering of the dispersion cunire takes 
place in the rnaxon region if the film thickness is reduced. The lowering of the dispersion 
curve is continued towards the roton minimum. However the roton minimum was not 
covered by the scans. The phonon branch is not influenced. But phonons were only visible 
for our thickest film. Our data from the completely with 4 ~ e  filIed cell agree with the bulk 
Dispersion cume [17]. But we have no explanation for the softening of the rnaxon and the 
roton branch, where the sotons have with negative group velocity . 
The intensity of the phonons and totons is plotted in fig.4. A calibration to the bulk data 
was done for all film thicknesses at a Q of 1.92 A-1. T h e  data taken with the 
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Fig.3: Variation of the dispersion relation of the phonons md rotons as a function of film 
thickness at a temperame of 0.7 K. The total "~e layer thichess is 5.06 layers (0),4.16 
layers (+) and 3.85 Iayers (0). (x) marks data from the completely with he filled sample 
cell. 
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Fig.4: htensity of the phonons and rotons as a function of Q at a temperature of O.7K.Tne 
total 4 ~ e  layer thickness is 5.06 layers (01, 4.16 layers (+) and 3.85 layers (0). (X I  
marks data from the completely with he filled sample cell. The intensities of the different 
coverages are calibrated to 0.8 , the value of the bulk data at 1.92 A-1 



completely 4He filled cell show towards lower Q a small deviation to lower intensities with 
respect to the bulk data. We do not know yet whether this is significant. Imponant 
deviations appear however for the 4He fiIms. The thick film (5.06 layers) looses much 
intensity k l o w  a Q of 0.7 A-'. This Q comesponds just to the liquid filrnthickness. Thus 
the loss of the third dimension reduces the intensity of the phonon. The thinner fiIms show 
at low Q no more intensity. Thus a loss in intensity is detected if the filmthickness 
correlates with the momentum Eansfer of the excitation and the intensity disappears even at 
still lower Q. 

Another remarkable f e a m  in figure 4 is the loss of intensity with respect to the bulk 
data around 1.7 A-l. This is again the region, when rotons have negative group velocity 
and where a shift in the dispersion relation was measured. We can only suggest that this 
effect may again result-from the seduced dirnensionahty, 

The khavior of the intensity of the phonon is plotted in fig.5 against the flrnhickness 
for a Q of 1.2 A-1. The intensity extrapolates to zero intensity at a total coverage of 3.5 
layers. This coincides with measurements in Ref-18, where a loss of superfluidity is 
detected at a b u t  3 adsorbed layers. 
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Fig.5: Intensities of the phonon (P) and ripplon ( 0) as a function of coverage at T=0,7K. 

RIPPLON 

Quantized capillary waves (ripplons) are the eIemenzary excitations of a free liquid 
surface. Their existence at the bulk 4 ~ e  surface and in films has Gelen predicted by theory 
and indirectly confmcd by experiment [4,19]. At long wavelengths the ripplon dispersion 
r e l a ~ o n  is easily evaluated using hydrodynamic relations for an incompressible fluid: 

02 = (adpo) k3 (1)  
where ag is the zero temperature surface tension, po the 4 ~ t  density at zero pressure and k 
the wavevector. The temperature dependence of the surface tension (a(T)) at very low 
ternperatutes can be deduced from the ripplon dispersion relation. DetaiIed measurements 



[20] of a(T) revealed a much larger temperature dependence than expected from formula 
( 1). Several rndified dispersion curves have been proposed which differ mainly for 
wavevectors above 0.5A-1. The idea of a 'surface roton', with a minimum at -2K, was 
introduced by Reut and Fisher [2l]  improving the agreement with the available 
thermodynamic data. Edwards et. al. [4,20], taking into account the curvature dependence 
of a, were able to f i t  the  experimental data on the excess surface entropy. Their model 
involves two parameters: a length 8==d(ln w)/dK where K=(rl-I + r2-1) is the curvature of 
the surface, and an area a = d&/dK. Within the precision of the entropy data, several sets of 
parameters have h e n  used ( a = . t l ~ & ~  6 4  [20] and a=+l .~Az ,  6=-0.336%1 1411, the latter 
giving a better agreement. Such a large variation in the parameters corresponds to very 
different ripplon dispersion curves at wavevectors - I  A-1. with a common wend indicating 
the presence of a downward cusvatute. Little direct experimental evidence was avaiIabIe 
[ 101, however, on the ripplon dispersion curve at these wavevectors. Such a study requires 
a micrascopic probe like inelastic neutron scattering (INS), but due to the low neutron 
cross section of 4 ~ e  the mcasurrrnent has to be on samples with a large surface 
to voIume ratio. The success of a neutron total reflection experiment is however not yet 
excluded [22] .  

A first outline of the experiment of which some resuIts are depicted in fig.6 was 
already given in Ref.23. In figure 6 the different colors indicate the khavior of the 
intensity as a function of energy and momentum transfer. It is clearly seen in fig.6a that 
besides the intensity on the p honon-roton curve there is intensity on an energetically lower 
lying branch. Evidence of the  existence of this branch has been given previously on 
measurements [10,1 I]. This branch coincides with the calculared dispersion of the ripplon 
using the parameter set in Ref.4. The agreement is very good, it seems to be even up to 
1.5A-1. At still higher Q the roton intensity combined with the one of the flat modes 
kcomes to high to distinguish the ripplon signal. This g o d  agreement alIows to say that 
the temperature dependence of the surface tension is really based on an experimentally 
verified dispersion relation. It still remains to prove the modified parameter set [4] by a 
theory. 

In fig.6b the result of the completely filled sample cell is shown. In the region where 
the ripplon should show up, the colors are the same as in fig.6a. Only near the phonon- 
soton intensity and the flat bar of the rnuItiptt scattering [10,1 I] the atuibution of the colors 
to intensity has been modified. Thus this figure shows that no signal of the ripplon 
intensity is visible En fig.6b the filled cell, although below 0.7 A-I i t  would have been 
distinguishable from the overwheIming quasi bulk phonon roton intensity. This 
disappearance proves that the ripplon signal is really bound to the gas-liquid interface. 

A more detailed description of the ripplon dispersion is seen in fig.7. The measured 
dispersion agrees indeed very well with the calculation in Ref.4 up to Q = EA-1. But 
between 0.6 to 1 b-1 a smaIL but detectable increasing slope of the dispersion curve with 
decreasing fiIm thickness is detectable. The behavior at higher Q lets assume a minimum in 
the dispersion curve. Hawever this comes a b u t  due to crossing the flat mode at 0.6 meV 
and each n e g a ~ v e  slope is due to lthe fit-routine, which clamps with increasing Q to the 
higher intensity of the flat mode. An interaction between the ripplon and the flat mode in a 
thin film is not excluded [ l l ]  but needs further consideration. We can confirm a positive 
slope of the dispersion c u e  in agreement with Ref.4 up to 1.3 A-l for cerrain coverages. 
At higher Q's the ripplon intensity gets lost. 

The intensity of the ripplon is plotted in fig.8 as a function of Q for the different 
coverages, The ripplon is most intense at low Q loosing its intensity rapidly up 10 0.6 A-I. 
At higher Q's again the interference with the flat modes makes a correct data analysis 
impossible in parricular to the half automatic fit-routine, Perhaps the experiments on a Hz 
preplated graphite surface will render the analysis mare effective. 

From prefesenzid Q's, which rtre fret From the flat mode intensity, ripplon intensities can 
be taken by careful "by h a n d  assisted fitting as a function of coverage. For a Q of 1.2 A-1 
this has been done and is shown in fig.5. The ripplon intensity seems to saturate 



Fig.6: Intensity on the phonon-roton curve and an rhe sipplon curve in the etliergy-Q plane. 
Fig.6a shows the signal from 5.06 adsorbed layers on graphite and fig.6b the signal from 
the completely filled sample celt (including the graphite). 
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Fig.7: The ripplon dispersion for various coverages.The total He layer thickness is 5.06 
Iayess (0), 4.2 6 layers (+), 3.85 layers (3)and 3.54 layers (+I. 

0 
0 0.5 1 1.5 2 2.5 

Momentum change. Q(A* ') 

Fig.8: The intensity of the ripplon as a function of Q for various coverages. The total 4 ~ e  
layer thickness is 5.06 layers (0),4.16 layers (+I, 3.85 Iayers (Orand 3.54 layers (+). 



beyond a coverage of 5 layers. This is in agreement with the picture of a surface wave, 
whose intensity does not depend on the amount of bulk liquid beIow the surface. On the 
other hand the ripplon intensity disappears near 3 layers. This is in agreement with a 
penetration depth of about an atomic layer,[4,6] However this intensity disappears 
definitely at a lower coverage than the phonon-ripplon intensity. This phenomena is not yet 
understood. 

Other m d e s  are predicted for a thin film between the ripplon and the continuum (the 
phonon-mton dispersion curve) [5,6,16] but up to now no other modes could k detected. 

CONCLUSION 

In summary it turn3 out that a liquid helium Frlm exhibits a lot of interesting features in 
the excitation spectrum. The excitation spectrum of the bulk phonon-roton curve is 
modified in a helium film as well as the dependence of the intensity on the momentum 
transfer. There are in addition excitations which have no dispersion (localized modes) at the 
solid heIium-liquid-hef urn interface. Finally the dispersion curve of the rippIon at the gas- 
Iiquid boundary could be measured for the first time to relatively high momentum transfers. 
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Research and Technique (BMFT). 
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