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Wetting of gold-plated quartz by liquid He
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Experiments with gold-plated quartz-crystal resonators show that uniform and stable films of both
superfluid and normal-liquid helium, with thicknesses up to 60 nm, can be formed on a planar sub-
strate. Thick fluid films are also formed in the critical adsorption region above the gas-liquid critical
point.

The wetting of solid surfaces by solid and liquid films,
due to van der Waals forces, has excited considerable ex-
perimental' and theoretical interest. Krim et aI. ' have
shown that many gases completely wet a Au(111) surface
only at temperatures above the bulk triple point. In this
region a liquid film forms whose thickness d increases
continuously (type-I film growth) as the gas pressure P ap-
proaches the saturated vapor pressure Po. Below the tri-
ple point a solid film forms whose thickness remains finite
at Po, exhibiting incomplete wetting at coexistence or
type-II film growth. The limiting thickness do is tempera-
ture dependent and is thought to be due to structural
mismatch between the film and the bulk solid phase of the
adsorbed gas. Helium, which has no bulk triple point, is
a special case as the films adsorbed from the vapor are
liquid (apart from the initial atomic monolayer which is
tightly bound and localized) at all temperatures below the
critical point. However, Bienfait et al. have found in-
complete wetting on a number of substrates by both
superAuid and normal helium films with, for example,
do=4 atomic layers for graphite foam, graphite powder
and Mylar at T=2 K. Migone et al. have reported the
incomplete wetting of He films on planar Ag and
Au(111) surfaces, with do increasing from 10 layers at the
k point to more than 50 layers at higher temperatures
with the possibility of a wetting transition within 1 mK of
the critical point at 5.1953 K. These results seem to be at
variance with numerous other experiments, particularly
those of Sabisky and Anderson, Hemming, and Yang
and Mason, who found that thick films of He II with d
up to 40 nm were stable on various substrates, including
Au. Recently, Taborek and Senator have reported a wet-
ting transition in liquid helium at the A. point with the
complete wetting of substrates by the superAuid, He II,
but only incomplete wetting by He I. We have recently
measured the transverse acoustic properties of thick He
films in both normal and superAuid' states and also heli-
um adsorption above the critical point, " using quartz-
crystal resonators similar to the microbalances used by
Migone et al. We find that thick films of both superAuid
and normal liquid helium can be formed on our gold-
plated quartz crystals. The purpose of this paper is to dis-
cuss our results and to give theoretical calculations
relevant to the experiments by Migone et al. , using the
theory for the transverse acoustic impedance of inhomo-
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where P is the applied pressure and p(x) is related to
P'(x) by the equation of state of bulk helium. &P(x) is the
van der Waals potential which varies as x for small x
(~ 5 nm) while for large x (~20 nm) 4& becomes propor-
tional to x . Hence the van der Waals parameter 3,
defined in Eq. (2), depends on x. For our crystals we
have taken the empirical value 2.0 Knm [42 K (atomic
layers) ] in the limit x=0, decreasing to 0.57 Knm (12
K layers ) at x=22.5 nm. Migone et al. found a value
of 1.88 Knm (40 K layers ) for thin films at 2 K. Below
the critical point a liquid film forms whose thickness d is
given by

t

m4 f = —k& T ln(P /Po ) = A kit /d
p(x)

(3)

where Po( T) is the saturated vapor pressure and the
ln(P/Po) expression is the result for an ideal gas. In our
case P depends on h and on any temperature diA'erence'
AT between the helium film and the liquid reservoir and

geneous fluids. '

We used AT-cut quartz-crystal resonators excited at
the third harmonic (n=3) at 20.5 MHz to propagate a
shear or viscous wave' into helium adsorbed on the elec-
trodes of the crystal ~ The crystal resonator was mounted
horizontally a height h above the surface of a reservoir of
bulk liquid helium in a copper cell attached to a dilution
refrigerator and both its quality factor Q and series reso-
nant frequency f, were measured. The changes in Q
and f, due to the helium are proportional to the real and
imaginary parts of the complex transverse acoustic im-
pedance Z =R —iX of the adsorbed helium:

b, Q '=4R /ntrR, b f, = 2fX/ntrR—&, (1)

where R~ ( =8.862 X 10 kg cm s '
) is the impedance of

the quartz.
The pressure P'(x) and density p(x) of the helium a dis-

tance x from the crystal are determined by the condition
that the chemical potential p, of the He atoms must be in-
dependent of x. If the thermodynamic properties of the
adsorbed helium are identical to those of bulk helium of
the same density then we can write'

35 6665 1987 The American Physical Society



6666 M. J. LEA, D. S. SPENCER, AND P. FOZOONI 35

is given by

P =Po( T —b T)exp( m—4gh /ks T)

m4gh
=PD(T) 1—

k~T
(4)

Hence

Ak k~r aPo
=m4gh + AT .
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FIG. 1. The locus of the measured transverse acoustic im-

pedance of a He film at 3.11 K as the film thickness is changed.
The curve calculated from transmission-line theory, Eq. (6), is
shown for films of bulk impedance 172 kg m s ' with a vapor
impedance of zero (dashed line) and of 16 kgm s ' (solid line).
The crystal was a height 7.6 cm above the surface of bulk helium
and the inset table shows the values of AP/Po and AT (see text)
required to produce specific film thicknesses for h =7.6 cm.

For an isothermal cell (AT=0), d is determined by h

alone and for our crystals varied from 14.5 nm at h=7.6
cm to 22.5 nm at h=1.0 cm. The method for determin-
ing d is described below. The effect of AT is large. For
example, at 3.11 K with h=O we have d=14 nm for
AT=0. 1 mK decreasing to 7 nm for AT=1 mK. These
equations only apply when the helium film completely
wets the substrate. For incomplete wetting the chemical
potential and the equation of the state would depend on
the film thickness. A variety of different phenomena
may then occur.

In our experiments on He I at 3.11 K with h=7.6 cm,
we initially observed rapid fluctuations in the g and f, of
the crystal, and hence in the impedance Z of the helium.
These fluctuations were not random but followed a well-
defined locus in the impedance plane as shown in the Ar-
gand diagram in Fig. 1, and were due to small tempera-
ture differentials within the cell produced by the tempera-
ture controller which maintained a constant temperature

to better than 0.5 mK. We believe that the quartz crystal,
the helium film and the surrounding vapor were in good
thermal equilibrium but that the bulk helium reservoir,
with a relatively large heat capacity, thermally lagged
behind the crystal. The effect of this temperature
difference is to sweep the vapor pressure on the helium
film, as given by Eq. (4). By allowing the temperature to
drift slowly, up or down, at different rates round a mean
temperature, the impedance locus could be traced out
reproducibly and controllably. For large heating rates the
film could be almost entirely "burned off" and would
then recondense from the vapor.

The transverse acoustic impedance of a homogeneous
liquid film (viscosity r/i, density pi) in contact with vapor
(viscosity ri„density p, ) is

Z =(1—i )(ri(pleo/2)'~ tanh[it + (1—i)d /5], (6)

Z( =(1—i)(iliP(co/2)' '=(1 i)r(—
while for thin films, d «6, we find

Z =(1—i)(r/, p, cu/2)'~ icup—~d,

(7)

(8)

where the first term is the vapor impedance and the
second term gives the well-known frequency shift for a
microbalance with a mass loading of p~d per unit area.
The values of r~

——172 kgm s ' and gl ——32 pP at 3.11
K are known from our previous work' and we calculate

g, =7.9 pP. ' The theoretical impedance locus from Eq.
(6) as d is varied for a given temperature is shown in Fig.
1, together with the impedance for a liquid film neglecting
the effects of the vapor impedance. The locus of Z is a
spiral starting at the vapor impedance for d/5«1 and
converging to the bulk liquid impedance for d/5&&1,
where 5=19 nm at 3.11 K.

There will also be an extra mass-loading contribution to
Z for a real helium film due to the excess mass per unit
area in the high-density atomic layers very close to the
crystal. These give a simple frequency shift' and to al-
low for this, the origin of the X axis in Fig. 1 has been
chosen so that X equals the known value for the bulk
liquid impedance for d &&6. The R=O line corresponds
to the temperature independent value of Q

' in He II
below 0.6 K.

The agreement between experiment and theory is excel-
lent and shows that the helium films are uniform and
stable. Similar results and agreement were also found at
2.33 and 2.78 K. The film thicknesses covered by the
data in Fig. 1 range from 1.5 to 60 nm (4 to 170 atomic
layers) as shown for selected points and could be swept
smoothly over the whole range. For the data in Fig. 1 the
crystal was 7.6 cm above the bulk liquid helium reservoir.
The inset table in Fig. 1 shows the temperature difference
hT and the resultant values of 1 —P/Po=AP/Pp which
would produce film thicknesses of 5, 10, 20, and 40 nm,
as given by Eqs. (3) and (4) for complete wetting. Unfor-
tunately we were not able to measure AP or AT directly

where 6=(2i7~/pleo)' is the viscous penetration depth of
the acoustic wave and tanhg=i), p, /i)Ip~ is the ratio of
the vapor to the liquid impedances. For a thick film,
d &&5, Z tends to the bulk liquid impedance
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as these are extremely small, particularly for d& 10 nm.
Such measurements would constitute a very direct test of
Eq. (2) and would conclusively determine the wetting
properties of liquid helium on our crystals. However, our
measurements show no sign of any limiting film thickness
or any discontinuities or instabilities which might be asso-
ciated with incomplete wetting or a wetting transition.
We consider that our results strongly suggest that the
conventional idea that liquid helium completely wets solid
substrates is correct.

It is worth emphasizing here that the spiral locus of Z
in Fig. 1 means that the frequency of a microbalance de-
creases initially as a liquid film grows but then passes
through a minimum for d =5 and then oscillates weakly
about the bulk liquid value. This behavior was described
by Yang' and Yang and Mason but as R was not mea-
sured, the locus of Z could not be plotted. This effect was
also seen, though not explained, by Chester, Yang, and
Stephens in He II films. '

Below the k point the large heat and mass carrying ca-
pability of the superfluid reduces AT to a very small value
and for He II films we found a stable film thickness deter-
mined only by h. Measurements of Z(T, d) were made to
below 0.5 K and a full account of this work will be pub-
lished elsewhere. ' The value of d for the superfluid film
was determined in two independent ways. Figure 2

250

shows a typical locus of Z as the temperature was in-
creased for a fixed h, in this case 7.6 cm. Below the A,

point the film thickness is constant and the loci are almost
straight lines on an Argand diagram. Close to T~ howev-
er, the bulk liquid helium, with a large heat capacity,
thermally lags behind the crystal and the adsorbed film
which rapidly evaporates as it becomes normal and Z
then follows the spiral locus as in Fig. 1. By extrapola-
tion of the locus of Z in the superfluid state to the normal
spiral, the thickness d of the superfluid film can be es-
timated. The thickness d below T~ can also be found by
fitting the temperature dependent Z(T, d) to Eq. (6) using
the known values' for the bulk impedance Z~(T) at 20.5
MHz which defines gI and 6, leaving d as the only un-
known parameter (below 2 K, the impedance of the vapor
can be neglected and /=0). The values of d obtained in
this way are in good agreement with the A. point extrapo-
lations, and showed no temperature dependence. The van
der Waals potential, Eq. (2), was derived from these mea-
surements and was found to be proportional to x
for this range of film thicknesses (14—22 nm) with numer-
ical values close to those found by Hemming for a quartz
substrate.

We have also measured" the impedance of He as a
function of pressure at a temperature 49 mK above the
gas-liquid critical point as shown in Fig. 3. The frequen-
cy shifts were corrected for the linear pressure depen-
dence' of the quartz resonator itself. In this region there
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FICx. 2. The locus of the measured transverse acoustic im-
pedance of a He film as it warms through the A. transition. The
temperatures are shown for selected points. In the superfluid
state the film thickness d is constant at 14 nm but the bulk im-
pedance is strongly temperature dependent. The solid line shows
the impedance locus for a temperature just above the k point, as
d is varied. The dashed line shows the extrapolation from He II
to the A, point to determine d. In the normal state the film thick-
ness decreases as the film evaporates.
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FICx. 3. Measurements of the transverse acoustic impedance
Z =R —iX of helium as a function of pressure at a temperature
of 5.239 K, 49 mK above the critical temperature. The solid line
shows calculations of the excess impedance X —R, due to the
helium with enhanced density and viscosity close to the crystal
surface, as described in the text.
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i co —p(x ) 1 — dx,oc If'~f
Xp q(x)p(x)

(9)

where the first term is the impedance of the bulk fluid and
the second term is an effective mass loading due to the
high density atomic layers near the crystal. This equation
can be derived from the differential form of Eq. (6) by in-
tegrating the contribution to Z from an incremental layer
dx for x «6. The origin for the integration is the fluid
boundary at x =xo ——0.36 nm since the substrate is coated
with a localized monolayer of helium at all pressures. '

Thus the real part R of the acoustic impedance in Fig. 3 is
due to the viscosity of the bulk fluid which gives an equal
contribution to X (except at the lowest pressures in the
nonhydrodynamic region where ~r & 1). The difference
X —R is the second term in Eq. (9) due to the excess mass
loading, and is shown in Fig. 3. We have calculated the
density profile p(x) due to the van der Waals forces from
Eq. (2) using the equation of state for helium given by
McCarty. ' The viscosity g(x) was assumed to depend
on the local fluid density as in the bulk, and the van der
Waals constant was taken as 3=2.0 K nm', the value for
small x. The excellent agreement between the calcula-
tions and the data in Fig. 3 show that the adsorption of
helium is well described by Eq. (2) with the equation of
state of the bulk fluid and that the van der Waals constant
is not significantly temperature dependent below 5 K.
Any free-energy effects that might lead to incomplete wet-
ting might also be expected to influence the adsorption in
the critical region.

The conclusions from our experiments are that both
superfluid and normal liquid-helium films of any thick-
ness can be formed on our crystals, and they suggest that
complete wetting occurs. Above the critical point, thick
fluid films are observed and the adsorption can be calcu-
lated from the equation of state of bulk helium ai;d van
der Waals forces only. We have previously shown" that
the growth of solid He films on our crystals from the
bulk liquid at pressures near the melting curve exhibits in-
complete wetting. These conclusions are in line with the
work of Krim et al. '

The results on liquid films, however, differ both qualita-
tively and quantitatively from those of Migone et al. us-
ing similar crystals at a fundamental frequency of 8 MHz.
They measured the frequency shift of an AT-cut crystal
(i.e., the imaginary part X of the impedance) as a function
of helium pressure P up to the saturated vapor pressure
(SVP), Po, at temperatures up to the critical point. By ex-
trapolating to Po from the thin film regime they conclud-
ed that there was a limiting film thickness do and hence
incomplete wetting on the coexistence line of vapor and
liquid. Although both sets of crystals were gold plated,
the surfaces could be significantly different in their wet-

is no liquid-vapor interface and the fiuid density p(x)
varies continuously though it will change rapidly where
the local pressure P'(x) is close to the critical pressure
P, (1706 Torr).

The impedance relative to the value at zero pressure is
now given by'

Z =(1 i—)(qfpfco/2)'
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FIG. 4. The calculated frequency shifts for an 8-MHz quartz
crystal using Eqs. (2), {3), and (6) for a temperature of 4.819 K.
The dashed line shows the contribution from the liquid film only
while the solid line shows the total shift from both the film and
the vapor. The arrows show the total frequency shift L for the
bulk liquid and the maximum M which occurs for d-6 at
AP/Pp ——3.2/10 ', as shown in the inset for pressures very
close to the SVP. The data points are from Migone et al. for
the film only.

ting characteristics. We used standard commercial crys-
tals, selected for high Q, which were initially cleaned ul-
trasonically in acetone. The quartz substrate was polished
for overtone use and the gold electrodes, 150 nm thick,
were smooth down to 10 nm as seen in an electron micro-
scope. The plating was well bonded to the quartz, show-
ing no deterioration after many thermal cycles. In order
to compare the two sets of data we have calculated the
theoretical impedance, and hence the frequency shift, at 8
MHz as a function of P/Po at 4.819 K for complete wet-
ting using Eqs. (3) and (6) with A = 1.88 K nm (their
value at 2 K) as shown in Fig. 4. The dashed line shows
the theoretical frequency shift for the helium film alone
(p~ =0.106 gem, r)I =29pP) whose thickness is deter-
mined by the van der Waals forces, Eqs. (2) and (3). We
used the equation of state given by McCarty' to calculate
the chemical potential of the nonideal vapor. The solid
line shows the total frequency shift for the film and vapor
together. The vapor gives the major contribution to Af
at this temperature. Extremely close to Po (AP /Po
=3.2 && 10 ), the total frequency shift should pass
through a maximum (=58.0 Hz) when the film thickness
d =6 before decreasing to the bulk liquid value of 50.5 Hz
at SVP, as shown in the inset in Fig. 4. There will also be
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an additional frequency shift due to the enhancement of
the density of the first few atomic layers which should be
in place for P/Po ~ 0.1 and will be of the order of 7.5 Hz
at 8 MHz, though this will depend on the roughness of
the gold surface. Also shown in Fig. 4 are the results of
Migone et al. at 4.819 K which they have corrected for
the pressure dependence of the quartz crystal and for the
viscosity of the vapor. The observed frequency shift is
considerably larger than the theoretical one for the film
alone, even for pressures well below the SVP. Migone
et al. ascribe this to a temperature-dependent van der
Waals constant but a value of A =4.4&10 Knm is
then required, an increase by a factor of 2.4&10 from 2
K, which is dificult to justify theoretically. Moreover the
observed frequency shift at Po is considerably larger than
the expected value for bulk liquid. We conclude that the
frequency shifts observed at the higher temperatures by
Migone et aI. are not due to the growth of the helium
film alone. The effects increase as the critical point is ap-
proached and this suggests that they are associated with
the increasing vapor pressure. Migone et al. also recog-
nized these diSculties in their interpretation and suggest-
ed that an impure mode of crystal vibration could couple
to longitudinal sound (and hence to sound waves in the
vapor) and this might explain their results.

Our observations can also be compared to those of Ta-
borek and Senator. They found that the film thickness
on graphite and platinum wires changed dramatically as
the film became superfluid even though the temperature
differential between the film and the vapor, AT&0. 1 mK,

and that normal He and He films had a limiting thick-
ness do=13 layers (4.7 nm). We also observed film thin-
ning when warming through the A. transition as shown by
the locus of Z in Fig. 2. This effect was largely due to
ET-0.5 mK, as it depended strongly on the heating rate,
and this would mask, and indeed mimic, the effect seen
by Taborek and Senator. As our experiment was mount-
ed on a dilution refrigerator it was not possible to im-
merse the cell in a bath of superAuid He to improve the
temperature stability. However our experiments clearly
show that thick films (d (60 nm) of He I can form on a
planar substrate. These films are Oat and uniform as
shown by the agreement between experiment and theory
in Fig. 1. The response time of the film thickness was fas-
ter than the time constant, 0.3 s, of our measurement sys-
tem. Since the film thickness could be kept constant for
long periods of time, this suggests that these thick films
are not metastable but are in dynamic equilibrium with
the helium vapor.
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