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Frequency Dependence of Superfluid Onset in Thin He4 Films*
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Superfluid onset has been measured at several frequencies by a quartz microbalance
method. We find that onset occurs earlier (i.e., at smaller thickness and/or higher tem-
perature) when measured at higher frequencies. The results are in agreement with a
prediction based upon surface heterogeneity and superfluid connectivity.

Chester, Yang, and Stephens' (CYS) have em-
ployed a quartz microbalance to study the onset
of superfluidity. In contrast to third-sound and
persistent-current results where the superfluid
density os appears to be nonzero at onset, CYS
interpret their measurements as indicating that
o ~ increases rapidly but continuously from zero
as the thickness d is increased slightly beyond
the critical value d, (T,) at the onset temperature
T,. The rapid increase of o ~ near d, means that
the normal-fluid density is decreasing; thus, if
the film is entirely normal at onset, it seems
that the addition of more helium causes a signifi-
cant portion of the original film to convert to su-
perfluid. This implies that contrary to the con-
ventional microscopic theory» ' the healing length
of the superfluid order parameter at the solid
boundary is strongly reduced as the free-surface
boundary recedes.

A model involving surface irregularities has
been proposed to explain these results. " It
views the adsorbed film as varying in thickness
and density as a result of variations in surface
binding energy. Near onset superfluidity does
not appear uniformly but occurs first in regions
of thickness d & d„so that the film forms super-
fluid regions of various sizes connected by thin-
ner nonsuperfluid film. Under certain conditions
some superfluid may be present in the film but
not experimentally visible. Different experi-
ments will present different criteria for super-
fluidity to be observed. In the microbalance ex-
periment, a superfluid region appears normal if
its lateral size l is smaller than -C,/2f, where
f is the microbalance frequency and C, is the ve-
locity of a superfluid surface wave (third sound)
excited by the motion of the superfluid bounda-
ries. The model thus predicts a dependence of
the experimental d, on the frequency of the micro-
balance: that onset would appear "earlier" (i.e. ,
at higher temperatures or smaller thicknesses)
at higher frequencies. We report here on a suc-
cessful test of this prediction.

The quartz-microbalance technique relies on
the decrease in shear-mode resonant frequency,
f„ofa quartz crystal due to the mass loading
when a thin film is adsorbed on its surface. Un-
der the conditions obtaining in our experiment,
the change in frequency &f is given by

bf = —2(2fo'/C, P,)o.

Here 0 is the adsorbed mass per unit area which
remains rigidly coupled to the surface, p, is the
crystal density, and C, is the shear-wave veloc-
ity in the crystal. A factor of 2 occurs to include
both crystal faces. The applicability of this meth-
od to studies of superQuid onset requires that the
viscous wavelength A, = (rt/pg)'I', using normal-
fluid viscosity g and density p„, must be much
larger than the film thickness (as is the case in
our experiment). This ensures that the normal
fluid moves with the surface and contributes to
bf. Under these circumstances, one expects that
&f at T & To will be less than for T & Tc. But edge
effects and heterogeneity complicate the behavior
in the following way. Near onset isolated regions
containing finite superfluid fractions appear,
whose boundaries are constrained to move with
the surface. If the regions are small enough or
f low enough, they contribute to bf as if they
were completely normal. ' Such regions remain
locked to the shear motion unless they grow to
such a size that I ~ C,/2f, at which point the su-
perfluid begins to slip and hence contributes less
to the effective shear mass.

To measure any frequency dependence of To in
an unambiguous manner, the crystal was operat-
ed at series resonance in a circuit driven by a
stable external oscillator and the complex impe-
dance of the crystal measured by detecting the
phase shift of the transmitted signal. When oper-
ated near f„ the phase shift is directly propor-
tional to the resonant frequency if bf/f, «1. Ad-
ding mass to the crystal surface changes fo by an
amount Lf, but the crystal must continue to oscil-
late at the driving frequency; thus the signal
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FIG. 1. A schematic diagram of the electrical system
used to detect phase shifts across the crystal.

passing through the crystal will be phase shifted
by an amount proportional to af. Using this tech-
nique, data were taken at different frequencies on
the same crystal surface and under the same con-
ditions by simply operating the oscillator at vari-
ous overtone frequencies of the crystal.

Figure 1 shows a schematic diagram of the
phase-measuring apparatus. A frequency syn-
thesizer" with a range from 0 to 50 MHz provid-
ed a constant-amplitude signal of stability better
than 1 part in 10' per hour (at 8 MHz) while the
variable attenuator permitted control of the pow-
er level reaching the crystal. The crystal was
an 8-MHz fundamental mode, commercial, AT-
cut quartz crystal" approximately 0.21 mm thick
and 8.0 mm in diameter. The signal from the
synthesizer was sampled immediately before and
after passing through the crystal and analyzed by
the phase comparator to determine the phase
shift.

A typical experiment was carried out in the fol-
lowing manner. A known amount of He' was mea-
sured into the crystal chamber and allowed to
equilibrate at a temperature slightly higher than
Tp. The temperature was then reduced slowly
while 4f, T, and the film vapor pressure I' were
recorded. Cooling rates were typically 2 to 8
mKjmin. When the temperature was about 0.1 K
below Tp the crystal was warmed above the tran-
sition and allowed to equilibrate again. The syn-
thesizer frequency was changed to a different
crystal overtone and the cooling repeated.

The upper part of Fig. 2 shows schematically a
typical frequency trace. As the temperature is
lowered, helium condenses out of the vapor onto
the crystal causing a decrease in f, consistent
with Eg. (1). Below a certain temperature, f,
begins to increase with decreasing T until a max-
imum is reached, beyond which fo decreases
again. The curve is retraced when the crystal is

8MHz

—~24MHz

FIG. 2. The upper diagram depicts a typical trace
obtained by cooling the film through the superfluid tran-
sition. The onset temperature To is chosen to be the
temperature of the local maximum. The lower diagram
shows a superposition of two traces taken under the
same conditions but at the fundamental and third reso-
nant shear modes of the crystal.

allowed to warm. We believe the increase in f,
to be due to the appearance of superfluidity in the
film and define the onset temperature T, to be
the temperature of the local maximum in the f-T
trace. This assignment essentially corresponds
to that used by CYS; in their study the local max-
imum was established by varying the thickness at
constant T. We einphasize that our choice of T,
is made because the maximum is an easily identi-
fied and reproducible feature of our data associat-
ed with onset, and not because we believe this
point on the trace to be the "true" onset of super-
fludity. In keeping with the discussions of Refs.
7 and 8, we take T, to be the temperature at
which superfluidity is experimentally observable
whereas "intrinsic" onset occurs at T T,.

The lower part of Fig. 2 shows a superposition
of two traces taken at different frequencies but
with all other conditions the same." A small but
significant difference +Tp exists between 'the val-
ues of Tp at the fundamental, 8 MHz, and the
third overtone, 24 MHz. This is displayed more
clearly in Fig. 3 where AT, is plotted as a func-
tion of Tp for 8 MHz. Except at the hi ghes t tem-
peratures the 8-MHz onset always occurred at a
lower temperature than that of the 24-MHz onset.
In addition, data taken at the fifth overtone, 40
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FIG. 3. The difference in onset temperatures ATO.
The error bars indicate the uncertainty due to graphi-
cally identifying To {see Fig. 2).

R =v, exp[ E,(v „T)/kBT-], (2)

MHz, showed a T, higher than that at 24 MHz.
However, increased electrical noise prevented
much reliable data from being taken at 40 MHz.

Unfortunately, we are unable to draw any quan-
titative conclusions about the surface morphology
based on the data of Figs. 2 and 3, nor do we
have sufficient knowledge of the adsorption sur-
face to which we can compare our results. Any
conclusions based on Figs. 2 and 3 would require
additional measurements at several other fre-
quencies so that homogeneous regions of varying
size could be probed. The problem further re-
quires a knowledge of the dependence of third-
sound speeds near onset, which is experimentally
controversial. "" However, AT, is expected to
go to zero as To T& since in the bulk there is a
single transition temperature independent of fre-
quency. '4 Also, as the film becomes thicker it
may have smoothed out some of the surface rough-
ness so that the homogeneous regions are large
enough to fulfill the onset criteria at both frequen-
cies.

%e have considered as a possible alternative
explanation of the data the effects of superQuid
fluctuations. This can be illustrated by consider-
ing the theory of I anger and Fisher." They show
that fluctuations which carry the superfluid from
one state of superfluid velocity v, to another of
lower v, occur at a rate given by

sitivity to onset is unchanged when the f, is var-
ied (i.e., the number of dissipative events per cy-
cle is constant); thus R at 24 MHz is three times
the rate at 8 MHz. Using this and the form of E,
for a pair of vortex lines perpendicular to the
film,"we can derive as an expression for ATO

=T„-T„the difference in onset temperatures
at the two frequencies,

b,T, =[1.024p„/p, —l]T, -0.543p, u, (3)

where p24 and p, are the onset superfluid densi-
ties (in grams per cubic centimeter) measured at
24 and 8 MHz, respectively, and n is the onset
film thickness in layers at temperature T,."
Substituting into Eg. (3) the results of third-sound
experiments" for p„and our measured values of
T and n, we find 4T, &0 over the entire experi-
mental temperature range. In contrast, Fig. 3
shows b,T, ~ 0." If we assume p,~ =p„Eg. (3) al-
so predicts that n =1.06T„when ATO =0. This
disagrees with the observed values of T =1.9 K
and n =7.5 layers.

As a further test, we changed the crystal sur-
face velocity at fixed frequency. It is the nature
of I anger-Fisher theory that the onset of detect-
able dissipation is very sensitive to velocity, so
that many experiments appear to detect a critical
velocity. Thus T, should be decidedly more sen-
sitive to velocity than frequency. The crystal
power level was changed a factor of 8 above and
below its normal operating point of approximately
1 p Vf, corresponding to nearly a threefold change
in velocity about its usual value. " No change in
T, was observed at either frequency. %e feel
that these results rule out superfluid fluctuations
as an explanation. '0

Conventional explanations of superfluid onset
have not considered the possible influence of sub-
strate heterogeneity. This experiment, in con-
firming the prediction of a frequency-dependent
onset, supports the assumptions of the model,
i.e. , that substrate heterogeneity can play an im-
portant role in the manifestations of superfluid
onset in many experimental studies.

%e gratefully acknowledge useful discussions
with P. Ekstrom and M. Cole and the assistance
of J. Stoltenberg in performing these experiments.

where vo is some fundamental frequency, T the
temperature, kB Boltzmann's constant, and E,(v„
T) the energy required for the fluctuation. For a,

given experiment, onset will occur at some num-
ber of fluctuations depending on the type and sen-
sitivity of the experiment. In our case, the sen-
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~ptu this experiment, the superlluid velocity is taken to
be the relative velocity between the superQuid and the
crystal surface and hence the velocity of the surface
due to the applied electric field. Using the work of
C. D. Stockbridge, in Vacuum MicrobaEance Techniques,
edited by K. H. Behrndt (Plenum, New York, 1966),
Vol. 5, pp. 161-167, we estimate the surface velocity
of the crystal at the third overtone to be approximately
twice that of the fundamental.

VThe constants in Eq. (3) depend only logarithmically
on the important parameters. Thus any reasonable
choice of the parameters changes the constants very
little.

Similar conclusions are obtained if other expressions
for Ea(vs' ~) cited in Ref. 15 are used.

'8Although the crystal displacement also increases by
3 the change is very much smaller than the lengths,
Cp/2f, being probed. .

20The lack of a power-level dependence in T0 also rules
out crystal heating as an explanation.
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A microscopic theory of lattice dynamics of ionic crystals-is developed in terms of non-
orthogonal highly localized wave functions. It is shown that this approach is in close cor-
respondence to some shell models and leads to a microscopic understanding of the model
parameters. The phonon dispersion of LiD has been calculated without using any adjust-
able parameters and it agrees with experiment to within 10/o on the average.

The standard approach to microscopic lattice dynamics' ' describes the electronic response to core
displacements in terms of equilibrium wave functions. As a consequence the dynamical matrix is ob-
tained as a small difference of two large contributions, namely the electrostatic interaction between
bare cores and the electronic contribution of the valence electrons. From a computational point of
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