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The results of an experimental study using torsional oscillators of the superfluidity of *He films
adsorbed on hydrogen plated graphite are reported. The evolution of superfluidity with the growth of
the film shows considerable structure arising from the atomic layering of the film. There is evidence that
the superfluidity of a single fluid layer is strongly suppressed, possibly due to the influence of the
periodic potential arising from the underlying solid layer. The behaviour of two fluid layers is quite
distinct, but shows similarities to that of thicker films on heterogeneous substrates; we suggest that the
usual theory of the superfluidity of two-dimensional *He should be extended to account for superfluid

onset temperatures in such a film.

PACS: 67.70.+n, 67.40.Kh, 67.40.Pm

Dedication

This paper gives a brief survey of one aspect of
the results of a research collaboration between sci-
entists from the B I. Verkin Institute for Low
Temperature Physics and Engineering in Kharkov
and Royal Holloway University of London. This
has been made possible by the support of the Royal
Society (London) and the Engineering and Physical
Sciences Research Council (United Kingdom). In
the low temperature experiments reported here sam-
ples were cooled using a cryogenic cycle and sorp-
tion pumped, dilution refrigerator of the type pio-
neered by Professor B. N. Eselson and his group.
This was initially constructed in Kharkov, modified
and developed at Royal Holloway, and provided an
excellent low mechanical noise environment for
these studies involving sensitive, high Q, mechani-
cal oscillators. Further developments and the com-
mercialization of this refrigerator technique are de-
scribed elsewhere in this volume. This paper is
intended as a tribute to the memory of Professor

B. N. Eselson and the tradition of low temperature
helium research at Kharkov to which he contributed
so significantly.

1. Introduction

The superfluid transition of a thin 4He film on a
planar surface is understood in terms of a Koster-
litz-Thouless (KT} two-dimensional phase transi-
tion [1]. Above some critical temperature vortex-
antivortex pairs become unbound, the film cannot
support a superflow and the superfluid - density
drops discontinuously to zero. Clear confirmation of
these ideas was primarily due to the experiments of
Reppy and co-workers, at Cornell [2]. They ad-
sorbed the helium film on a sheet of mylar, con-
tained inside a torsional oscillator. Associated with
the superfluid transition of the film is a shift in the
period of the oscillator, resulting from the drop in
its effective moment of inertia as the film decouples
from the substrate. This method was a development
of that first used by Andronikashvili [3] to deter-
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mine the superfluid density of bulk liquid He. The
key features of the Cornell torsional oscillators
were their high quality factor Q > 10°, and a typi-
cal frequency in the range 0.5-2 kHz outside that of
most vibrational noise on a typical cryostat. This
technique allowed the resolution of the small period
shifts due to.the superfluid transition in the film
{typically of order nanosecond compared to a period
of order 1 ms) as well as a characteristic dissipation
peak at the superfluid transition. The discontinous
period jump predicted by KT is somewhat rounded
by the finite frequency at which the superfluid
response is measured. However it was possibie to
confirm the wuniversal relation for the jump
p (T )/T = 2m?kg /mK* . A comparison of results
with the dynamic KT theory can be found in Ag-
nolet, McQueeney and Reppy (AMR) [4].

" The mylar substrate used in this early work is
extremely heterogeneous, i.e. the substrate is disor-
dered, due to atomic scale roughness. One conse-
quence of this is that, up to some threshold cover-
age, the helium film is localized and no superfluid
transition is observed. This threshold coverage is
commonly referred to as the «dead layer» or «inert
layers. It has been suggested that superfluid onset,
as a function of coverage at T = 0, may be regarded
as a transition between an insulating disordered
(Bose glass) phase and superfluid [5].

Recently attention has turned to the study of
4He films adsorbed on the basal plane of graphite
using these sensitive torsional oscillator methods.
The first such study of superfluidity in this system
was performed by Crowell and Reppy (CR) [6],
while Mohandas et al. [7] concentrated on sub-
monolayer films and found no evidence for super-
fluidity in these. Exfoliated graphite substrates
were used to provide a sufficiently large surface
area to allow measurements of adequate sensitivity.
It is well established that this substrate consists of
atomically flat crystallites of typical dimension a
few hundred Angstriims and thus provides 2 homo-
geneous binding potential for the adsorbate. Resid-
ual heterogeneity, at the crystallite edges, localizes
about 2% of the first helium layer, and so is a
relatively weak effected. The important peint is
that, on this substrate, the film is atomically la-
yered; clear periodic structure has been seen in the
compressibility of the film, as determined from
vapour pressure adsorption isotherms [8], as well as
in the heat capacity [8,9] and third sound velocity
measurements [8]. Layering of the film is also seen
in first principles calculations of the film structure
[10]. Thus in contrast to heterogeneous substrates
the structure of the film is, in principle, well

516

defined. This structure turns out to have a profound
influence on the development of superfluidity.

Exfoliated graphite substrates have been widely
used in the study of adsorbed gases [11]. In princi-
ple it is possible to modify the surface binding
potential, in a reasonably controlled and well char-
acterized way, by preplating with either an inert
gas or hydrogen. The objective is to coat the gra-
phite with an integral number of atomic layers of
the preplating gas, to provide a composite substrate
of weaker binding potential. This binding potential
can be varied from that of bare graphite to that of
the preplating material for a sufficiently thick film,
so long as it wets the graphite surface. This is the
approach used in the present work, where we have
plated the graphite with a bilayer and a trilayer of
HD. Here the use of HD, rather than H, or D, is
because of absence of any ortho-para conversion and
associated heating at ultralow temperatures.

Our use of hydrogen plating is also motivated, in
part, by previous studies of the superfluidity of
4He on hydrogen films. The expected advantage of
using a thick hydrogen film as substrate was to
avoid solidification of the first 4He layer, offering
the prospect of observing superfluidity in a sub-
monolayer 4He film. Brisson et al. [12] studied
third sound propagation in helium films adsorbed
on hydrogen plated glass, while Mochel and co-
workers [13} and Adams and Pant [14] have inves-
tigated helium on metallic surfaces plated with

" thick hydrogen films using third sound and tor-

sional oscillators, respectively. These last two stud-
ies indeed give evidence of submonolayer super-
fluidity of the 4He film. In addition Mochel and
Chen [13] found evidence for a second fransition
below the superfluid transition and also observed
two third .sound modes under certain conditions.
Although these experiments rely on the formation
of a uniform hydrogen film, it is in fact not clear
that hydrogen wets metallic substrates, indeed there
is some clear experimental evidence to the contrary
[15]). Thus the philosophy behind the present ex-
periment was to start with well characterized thin
hydrogen films, up to three atomic layers, adsorbed
on graphite. The structure of such films has been
investigated by neutron scattering and their density
determined [16], so it is established that they
wet the surface. The goal to grow a thick hydrogen
film on graphite remains a challenge for the future.

_The first study of the superfluidity of “He on

hydrogen plated graphite was the third sound meas-
urements of Zimmerli, Mistura and Chan (ZMC)
[8). Heat capacity measurements have alsc been
performed by Vilches and co-workers [17], provid-
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ing valuable insights into the structure of the *He
film.

One disadvantage of the exfoliated graphite sub-
strate is that, on length scales greater than of order
1 pum, it is extremely disordered. This results in a
tendency for the superfluid film to be entrained by
the oscillator, so that the full period shift due to the
onset of superfluidity is not abserved. This effect is
parameterized by a quantity, conventionally re-
ferred to as the y factor, reflecting the fraction of
superfluid which does not decouple from the sur-
face. For mylar {4] x ~ 0.14, while for Grafoil CR
{6] found x = 0.989, reflecting the poor connectiv-
ity of the surface. The present work gives a value
around 0.95 depending on the preplating (see Sec.
3.4) for more detail). However, although these x
factors are relatively close to unity, tending to
reduce the observed period shifts due to superfluid-
ity, this is compensated by the large specific surface
area of the substrate.

A broad overview of the growth of helium films
on graphite is as follows. The submonolayer film
has a rich phase diagram that has been characterized
by heat capacity {18] and neutron scattering meas-
urements [19]. At the coverage at which a second
layer begins to form (second layer promotion) the
first layer consists of an incommensurate solid on a
triangular lattice [20]. At third layer promotion the
second layer is also solid at sufficiently low tem-
peratures {9]. Subsequent layers are fluid; thus only
two layers solidify on bare graphite. In the present
work we have preplated the graphite by a bilayer
and a ti"ilayer of HD. In contrast to bare graphite,
it appears that in this case only one helium layer
solidifies, due to the weaker binding potential of
the preplated graphite surface. Note that, as pre-
viously mentioned, it is believed that for a bulk
hydrogen surface the binding potential is suffi-
ciently weak that the first helium layer should not
solidify {211. :

A further important detail concerns the evolution
of the fluid layers. Consider the second layer on
bare graphite, which at low densities is fluid (the
layer begins to solidify around 5.5 nm™2). Theory
predicts that, at sufficientiy low temperatures, this
fluid is seif-condensed [22] with a density of
roughly 4 nm=2 and this is supported by measure-
ments of the heat capacity [9]. On cooling, at
second layer coverages less than 4 nm™2, it is there-
fore expected that the second layer fluid first phase
separates into a low density «gas» and a high
density «fluids. (At T = 0 the density of the «gas»
component vanishes and that of the fluid is of order
4 nm™.) Following phase separation, the superfluid
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transition subsequently occurs in the high density
liquid component. Thus, in this case, superfluid
onset will be controlled by the intersection in the
temperature-coverage plane of the boundary of the
2D gas-liquid coexistence region and the line of
superfluid transitions of a uniform fluid film [23,
24]. Intriguingly, Clements et al. [25] found such a
coexistence region in each of the first three fluid
layers on bare graphite, or layer by laycr condensa-
tion. The possible interplay between such phase
transitions in the film and its superfluidity is an
important factor in the interpretation of these ex-
periments.

The organization of this paper is as follows. A
brief description of the experimental method is
given in Sec. 2, including details of the torsional
oscillator, the in situ pressure gauge for sample
characterization and the method of data collection.
Section 3 contains the main experimental results
together with their interpretation. Although the
observed behaviour is rich in detail, we believe the
systematics of the interplay between superfluidity
and film structure emerge quite clearly. For clarity
this section is split into a number of subsections
dealing with the method adopted to preplate the
graphite with a bilayer or trilayer of HD (3.1), the
characterization of the growth of the He film on
these preplated substrates by vapour pressure ad-
sorption isotherms (3.2). There follows the longest
subsection (3.3) describing the evolution of super-
fluidity in the first two fluid layers. These results
appear to show that a periodic potential strongly
suppresses superfluidity and that the superfluid
transition of two fluid layers is no longer described
by Kosterlitz=Thouless theory in its simplest form.
In subsection (3.4) we discuss our determination of
the x factor of the substrate. A number of further
interesting experimental observations are collected
in (3.5), including features which may signify the
layer by layer condensation in the film, the observa-
tion of periodicity of the third sound speed and a
coverage dependence of the vortex dynamics. Sec-
tion 4 summarizes the main conclusions of the
paper, with suggestions for future work.

2. Experimental method

The torsional oscillator is of conventional design,
consisting of a stycast 1 266 shell, of internal di-
ameter 18 mm and height 12 mm, packed with
Grafoil and mounted on a hollow BeCu torsion rod.
The torsion mode or floppy mode are driven and
detected capacitatively. The frequencies are 1 056
and 603 Hz, respectively. The device is operated in
a self-resonant oscillator circuit, at constant drive
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voltage, with the torsional oscillator as the fre-
quency determining element. The period of the
oscillator is measured with a HP53353A counter, The
response of the oscillator is preamplified, and then
lockin detected. The amplitude of oscillations is
proportional to the quality factor of the oscillator,
and is calibrated by observing the ring down of the
oscillator on removing the drive.

The Grafoil sample is in the form of discs 0.15 mm
in thickness, providing a total surface area of
65 m% It was baked in vacuum at 1100 °C to
remove impurities, before loading it in the cell. It is
necessary to measure the background period and
dissipation of the oscillator as a function of tem-
perature between 12 K and 20 mK. These are
smooth with no anomalous features. When the ad-
sorbed film is not superfluid the torsional oscillator
simply acts as a sensitive microbalance, with period
shift proportional to the coverage (mass) of the
adsorbed film. For our oscillator the sensitivity
with respect to the areal density of the 4He film is
26 ns-nm?,

The cell {5 attached via a massive vibration isola-
tor to a cell plate which is in turn connected to the
mixing chamber of a cryogenic cycle, sorption
pumped, dilution refrigerator [26] via a weak ther-
mal link. This enables the temperature of the cell to
be swept slowly, using a heater attached to the cell
plate, to accumulate period and dissipation data.
The sweep rate is such that there is negligible
hysteresis between data taken on warming and cool-
ing. The temperature is measured by a 470 £ Speer
resistor and a GaAs chip resistor [27], calibrated by
a 3He melting curve thermometer beétween 0.05 and
0.8 X and by a calibrated germanium resistance
thermometer between 0.3 and 4 K.

An in situ pressure gauge similar in design to that
used by Zummerli [28} and by Crowell [6] was
connected to the cell and mounted on the cell plate.
The deflection of the gold plated kapton membrane
was detected capacitatively and yielded a pressure
resolution of 5 nbar. The reference volume of this
gauge was connected by a capillary to room tem-
perature for rough evacuation, a small pill of graph-
ite inside the reference volume ensured a good
vacuum at low temperatures and provided a better
reference pressure than simply connecting one side
of the diaphragm to the vacuum can (in our case
this was pumped by -a graphite cryopump attached
to the 1 K pot). The gauge was calibrated against
the vapour pressure of liquid “He (actually a thick
4He film of 20 layers in the torsional oscillator),
over the temperature range 0.75 to 1.25 K. This
gauge was used for vapour pressure adsorption iso-
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therms to characterize the growth of the HD pre-
plating film and the *He film. In addition the in
situ gauge monitored the vapour pressure of the
film during collection of period data, enabling cor-
rections to be made to the oscillator peried due to
desorption of the film at higher temperatures, The
system was also equipped with a room temperature
Paroscientific pressure gauge {29]. '

The cell fill line was equipped with a series of
heaters needed when preplating the graphite with
hydrogen, both during the performance of isotherms
(at 12 and 10 K) and when cooling the cell to 4.2
K, to ensure that the cell is the coldest point thus
avoiding the formation of bulk hydrogen in the fill
line. The peried of the torsional oscillator, effec-
tively acting as a microbalance, provides an ex-
tremely sensitive detector of any unwanted loss of
hydrogen from the cell.

3. Results
3.1, Preplating with HD

Measurements on ‘He films were made with pre-
platings of a bilayer and a trilayer of HD. The
procedure for determining these preplatings was as
follows. The surface area of the sample was deter-
mined by a 4.2 K 4He isotherm, taking point B [18]
as the indicator of first layer promotion. We use
this as the reference for all surface densities in this
paper. The density of H, and D, films on graphite
(one, two and three layers) have been measured by
neutron scattéring [16]). With this information and
the bulk molar volume we generate the density per
layer as a function of the reciprocal number of
Iayers. These data can be interpolated to estimate
the values for HD films, with a precision of order
2% (18.3 and 27.1 nm~2 for bilayer and trilayer,
respectively). Scaling the dose for 4He monolayer
completion by the ratio of these densities and the
neutron scattering density of a completed “He
monolayer (11.25 nm™2) [20], gives the estimated
required dose for a bilayer or trilayer of HD.

Further we have performed a HD vapour pressure
isotherm at 12 and 10 K and found compressibility
minima in good agreement with these estimates
{corresponding to densities 18.9 and 27.2 nm™ for
the bilayer and trilayer). The preplating coverages
chosen were those corresponding to these compressi-
bility minima [30]. Following these procedures we

"can be confident that the chosen preplatings are

very close to exactly two and three layers.
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Fig. 1. *He vapour pressure Isotherms, taken at 940 mX, for
graphite plated with a bilayer (open circles) and trilayer (filied
circles) of HD. Inset shows detail for bilayer preplating, near
first layer promation. Structure is believed to arise from solidi-
fication of film, followed by promotion at 7.3 nm=2,

3.2, Characterization of *He film

For each HD preplating case a helium isotherm
was performed to characterize the growth of the
fitm, locating the layer promotions. Results for the
bilayer and trilayer preplating of isotherms at
940 mK are shown in Fig.1. Layer promotions were
determined from compressibility minima, and a
4He coverage scale defined. These coverages are
referred to the 4.2 K *He isotherm on bare graphite,
for which first layer promotion is taken as
11.4 nm~2. For the bilayer preplating these promo-
tions occur at 7.3, 12.5, 18.7 and 25.2 nm~2. The

A i 1 4 1 A 1
0 0.2 04 06 08 1.0 12
Temperature, K

Fig. 2. Period shift due to superfluid transition for trilayer pre-
plating. Coverages: 7.02, 7.50, 8.15, 8.47, 9.11, 9.35, 9.6¢,
9.74, 10.16, 10.60, 11.71, 12.58, 13.11 am™.
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last three values are all 20% smaller than obtained
by ZMC for “He on graphite preplated by a bilayer
of hydrogen, thus our coverage scales are consistent
within a constant scaling factor. For the trilayer
preplating we find shifted compressibility minima
at 5.65, 10.3, 16.7, 24.0 nm™2. Most of the coverage
offset between these two isotherms for different
preplatings is attributable to a significantly lower
density of the first *He layer for the trilayer pre-
plating.

For both preplatings no superfluid signature is
observed from the first ‘He layer fluid, at lower
coverages. This layer is believed to be solid on
completion. The low density of second layer promo-
tion for the trilayer preplating may arise from a
registered structure which resists compression. In
the following we will assume that the first layer is
solid; the second and third layers are thus the first
and second fluid layers. The development of super-
fluidity in these fluid layers is discussed in the next
subsection.

We should note that CR detected superfluidity in
the second layer of “He on bare graphite prior to
solidification, the period shifts associated with su-
perfluidity having an anomalous temperature de-
pendence. According to the phase diagram of Grey-
wall [9] these superfluid transitions occur when the
film is a coexistence of gas and liquid. This may be
responsible for the anomalous behaviour observed,
For the present case of HD preplated substrates we
currently believe that the observation of superfluid-
ity in the first *He layer is precluded by the
solidificatien of the film, which in this case occurs
at lower second layer coverages. On the basis of
experiments on 3He films on a HD bilayer preplated
graphite substrate, we expect to enter a commensu-
rate solid-fluid coexistence region at 4.8 nm™2, in
the low-temperature limit [31].

3.3. Evolution of superfluidity in the first two
fluid layers

Results for the period shift due to the superfluid
transition and the associated dissipation peak are
shown for a selection of lower coverages for the
trilayer preplating [32] in Figs. 2, 3. The tempera-
ture dependence of the period shift for the three
highest coverages, just after formation of the second
fluid layer, are most characteristic of a KT transi-
tion. The dissipation peak associated with the tran-
sition is relatively narrow, with temperature
halfwidth of order 30 mK. For each coverage these
data allow us to determine the total period shift due
to the onset of superfluidity AP(0). This quantity is
the difference between the estimated T = 0 limit of
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Fig. 3. Dissipation peaks at the superfluid transition, with
trilayer preplating. Coverages are the same as for Fig. 2. Data
is displaced for clarity. Inset shows data for the first four cov-
erages on an enlarged scale.

the period and the period immediately above the
superfluid transition, after applying the wvapour
pressure correction. These data are plotted as a
function of the total 4He coverage in Fig. 4. Values
of T, , here defined as the temperature of the
dissipation maximum, are shown in Fig. 5.

3.3.1. First fluid layer. It can be seen that the
behaviour is rather similar for the two preplatings,
apart from a coverage shift referred to earlier, and
attributed to differences in density of the first solid
layer. The behaviour in the second 4He layer (first
fluid layer) is very similar to that observed in the
third layer (again first fluid layer) by CR on bare
graphite. We interpret the break in the coverage
dependence of AP(0) and T, , part way through
filling of the fluid layer as due to the two dimen-
sional condensation («puddling») of that layer at
lower coverages, as previously proposed by CR.
Thus up to a total coverage 10.8 (9.3) nm™2 for the
bilayer (trilayer) preplating, the fluid layer sepa-
rates on cooling into a low density <«gas» and high
density «liquids. The superfluid transition observed
is that of the high density «liquids component. The
break then corresponds to the point in the 7-n-
plane at which a line of superfluid transitions
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Fig. 4. Total period shift as a function of coverage. Upper plot
(open circles); bilayer preplating. Lower plot (filled circies);
trilayer preplating. Vertical dashed lines indicate coverages of
layer promotions, inferred from vapour pressure isotherms. Dot-

. ted line is a linear fit fo period shift data in the third layer
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Fig. 5. Temperature of dissipation peak, used to locate super-
fluid transition temperature, as a function of coverage. Open
circles; bllayer preplating. Filled circles; trilayer preplating.
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emerges from the two-phase coexistence regime.
These results are broadly consistent with third sound
measurements of ZMC [8] on H, plated graphite,
which also find superfluidity in the second “He
layer.

Recent heat capacity measurements on this sys-
tem [17], with preplatings slightly in excess of
exact bilayer and trilayers of hydrogen, also provide
evidence of such a layer condensation, with a criti-
cal temperature of 0.8 K. From our data, for both
preplatings, we estimate the minimum density of
the second layer fluid at which a uniform fluid is
stable to T=0 to be n, =4£0.5 nm?, where the
error largely comes from uncertainties in the precise
density of the first solid layer. This is in reasonable
agreement with the theory [22, 25]. '

Examination of the period shift curves for the
four coverages studied below the break for the
trilayer preplating (Fig. 2), shows that esuperfluid
onsets», now defined as the temperature at which a
shift in period is first resolved, occurs at the same
temperature, ~ 0,4 K, at each coverage. Similar be-
haviour is seen for the bilayer preplating. This
observation supports the model of a superfluid tran-
sition occurring in puddles of condensed liquid,
whose density remains constant as a function of
coverage. Note that the values of T plotted in
Fig. 5 are the temperatures of the dissipation max-
ima and do show a coverage dependence in this
regime. This is simply attributable to changes in the
temperature width of the superfluid transition. The
decrease in width of the transition as the coverage
is increased may be associated with the increasing
size of the puddles or associated with the effects of
percolating superflow between puddles.

We cannot be sure of the morphology of these
superfluid puddles but our results suggest that they
decouple from the substrate. Either the high density
component forms in a single patch, perhaps at the
edge of a Grafoil platelet or it is not necessary for
superfluid patches to percolate in order to slip
relative to the surface. Thus while it is clear that
percolation is necessary for dc superfluid mass
transport it might be expected that torsional oscil-
lator will continue to detect superfluidity, even if
the liquid separates into a set of non-percolating
patches.

At higher fluid layer coverages, above the break,
in the regime where we expect a uniform fluid
layer, there is a rapid increase in both T, , and
AP(0). For both preplatings, this continues until the
formation of a second fluid layer. At this point,
third layer promotion, there is a second break in the
coverage dependence. Similar behaviour was seen

Fizika Nizkikh Temperatur, 1997, v. 23, Nos. 5/6

on bare graphite by CR [6]. We interpret this data
immediately prior to third layer promotion (forma-
tion of second fluid layer) as follows. If, in Fig. 4,
the line of period shifts (following the break indi-
cating emergence from the coexistence region), is
extrapolated to zero, this determines the density at
which the onset of superfluidity might be expected
for a uniform fluid layer. The line of transition
temperatures extrapolates to essentially the same
coverage. These are 10.5 nm™ and 8.5 nm™ for the
bilayer and trilayer, respectively, and we interpret
these as the «dead layer» prior to third layer promo-
tion. Clearly superfluid onset as a function of cov-
erage is not directly observable because of the
intervention of 2D condensation. This is schemati-
cally illustrated in Fig.6. We believe that this
suggests that superfluidity is suppressed in the uni-
form two-dimensional fluid. For both preplatings
the extrapolated fluid density, corresponding to the
«dead layers coverage, is 3 nm™2.

This value is comparable to that obtained from
third sound measurements on a (nominally) thick
hydrogen film by Shirron and Mochel [13] (this
gives a dead layer of 3.9 nm™2, after scaling their
surface densities by a factor 1.67 as suggested by
Cheng et al. [33]). Torsional oscillator measure-
ments on a thick H, film [14] give a dead layer of
order 1,/2 <layers. Note that in the present experi-
ment we have a high degree of confidence in the
quality of the surface. In the present measurement,
for both bilayer and trilayer preplatings, the appar-
ent inert layer corresponds to of order 0.6 the

¥ i
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Fig. 6. Schematic diagram to illustrate proposed interplay of
superfluidity and 2D condensation phenomena. Layer promo-
tions occur at n, , m, , n, . At n, the first layer is solid. For
n, <n<n_, the second layer consists of a self-condensed fluid
— gas coexistence. For n_ <n < n, the second layer is a uni-
form fluid. After promotion to a third layer at n, the third
layer fluid is also self-condensed, as suggested in {25]. Critical
temperature of both gas—liquid coexistence regions is T, ,
probably of order 0.8 K. A line of superfluid transition tem-
peratures T .8 also shown; T is constant in the coexistence re-
gion and on entering the uniform fluid phase increases with
coverage faster than the KT slope, extrapolating to zero at nj
(dead layer). There is a break in the coverage dependence of T,
at promotion, n=n, .
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density of the fluid layer at promotion plus the first
solid layer. One might refer to the fluid component
of this inert layer as <nontrivials. The results of
CR, on bare graphite, are consistent with these
observations.

Over the coverage range under consideration, corre-
sponding to a uniform fluid layer prior to promotion,
the increase of T, with coverage is significantly faster
than the KT line 7', = 0.156 n (K-nm?). This relation
assumes p, (T ) = 0.82 p(0) {2] and assumes the bare
mass of the *He atom. The width in temperature of
the dissipation peak at the superfluid transition also
decreases rapidly with increasing coverage.

The origin of this strong suppression of super-
fluidity and the rapid increase in T, with increasing
coverage remains open to question. It may arise
from residual heterogeneity of the surface; however
the observed behaviour is rather similar for both
preplatings reported here and for bare graphite.
Rather the observations may indicate the influence
of the periodic potential of the underlying solid
layer on superfluid onset. The rapid increase in T'_
may be associated with the film becoming more
delocalized normal to the surface; theory suggests
[25] that such an effect can occur at a coverage
significantly lower than that of layer promotion.

Note that, although we refer to this fluid layer as
being uniform, we expect on the basis of Monte-
Carlo simulations of a ‘He monolayer on hydrogen
[34], that the local density will show structure
arising from the periodic surface potential. These

simulations show an effective He mass up to twice .

that of the bare mass and a 20% suppression in the
superfluid density, as well as condensation below
4.6 nm2,

From the above discussion, it appears that there
is overall consistency between this and previous
experiments, with evidence for a strong suppression
of superfluidity in a single fluid layer at lower
coverages. In the present case this suppression is
small at third layer promotion, when a second fluid
layer forms (see more detailed discussion in the
following section (3.3.2)). In our opinion theoreti-
cal work on the influence of the periodic potential
on the superfluidity of a single fluid layer, taking
into account the delocalization of the film normal to
the substrate, would be of great interest.

3.3.2. Two fluid layers. At a coverage of 12.5
(10.3) nm~2 for the bilayer (trilayer) preplating the
third layer forms. We now have two fluid layers
atop a solid “He layer atop the preplated graphite
substrate. The coverage dependence of both T, and
AP(0) show a sharp break at this third layer promo-
tion, for both preplatings. As the third layer (sec-
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ond fluid layer) grows the total period shift AP(0)
increases linearly with coverage to a good level of
accuracy, AP(0) is a measure of the mass of the film
participating in the superfluidity in the 7 = 0 limit.
A linear fit to this period data over this coverage
range extrapolates to zero at a coverage of
6.7 (4.8) nm™2 for the bilayer (trilayer) preplating.
In both cases this is close to, but somewhat smaller
than, the coverage at which second layer promotion
was observed: 7.3 (5.65) nm™2,

This is powerful evidence that, in the low-tem-
perature limit, the film now consists of two super-
fluid layers atop a solid *He layer. Al of the fluid
participates in the superfluidity; the <deads» layer
is merely the first solid layer. This contrasts with
the nontrivial dead layer we have argued for in the
first fluid layer and is clear evidence for a shift in
the density of the inert layer as a function of the
coverage of the film.

If a line of transitions with the KT slope is drawn
on Fig. 5, T,= 0.156 (n-ngy,4) with ng 4=
= 6.7 (4.8) nm~? for the bilayer (trilayer) preplat-
ing, the transition temperature is closest to that
observed just at third layer promotion, as the sec-
ond fluid layer forms. Indeed, for the trilayer pre-
plating the line almost coincides with the data at
this point. This therefore suggests that at third

« layer promotion the first fluid layer is completely

superfluid, in marked contrast with the situation at
somewhat lower coverages.

The behaviour of *He on bare graphite as a
second fluid layer forms (corresponding to fourth
layer promotion in that system) is somewhat more
complex. (Clearly in comparing the evolution of
superfluidity in the two systems it is the number of
fluid layers that is important, this is { — 2 for bare
graphite and ! - 1 for preplated graphite, where [ is
the total number of layers. ) The results of CR for
T, and AP show a plateaux in the vicinity of third
layer promotion, possibly attributable to a recon-
struction of the film, We see a similar feature at
fourth layer promotion for the bilayer preplating,
see Sec. 3.5. The absence of such an effect in the
present experiment as the second fluid layer forms
simplifies the interpretation.

It is interesting to compare the coverage depend-
ence of T, with that observed for ‘He on mylar
[2,4). In this case the «dead layer» is typically in
the range 25-30 pmol-m™2. A simple picture is that
this is in the form of an amorphous coating of the
substrate, which screens the heterogeneous sub-
strate potential such that additional 4He atoms are
delocalized. These fluid atoms undergo a superfluid
transition via the KT mechanism; the data of
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Bishep and Reppy [2] show a linear T-n depend-
ence, well described by the KT relation T =
=0.156 n (K-nm)2. AMR [4] report data over a
wider coverage range. In this case the dead layer is
28 umol-m~2; the initial T-n relation is again rea-
sonably consistent with the KT line. However
around 40 umol-m™2, corresponding to a fluid den-
sity of 7 nm~2, the slope of the T-n line decreases.
Above 40 pmol-m~2 AMR find the slope of the T-n
line to be 0.071 K-nm?. This behaviour is reminis-
cent of the sharp decrease in dT, /dn on formation
of a second fluid layer in the present hydrogen
preplated graphite experiment. In all cases this
occurs at T, ~ 0.8 K. It is intriguing, and we believe
significant, that for both preplatings we have inves-
tigated, T, increases linearly with coverage as the
second fluid layer fills with a slope quite close to
that seen on mylar (0.084 K-nm? and 0.060 K-nm?
for trilayer and bilayer preplating respectively).

This suggests that the transition in behaviour is a
direct result of the formation of two fluid layers.
According to this view the coverage dependence of
T, above promotion is an intrinsic feature of the
superfluid transition in two coupled fluid layers.
On the mylar substrate the film is not so highly
layered, so in this case a sharp kink in the T-n
curve is not observed, rather a more gradual but
still pronounced change in slope.

In contrast, below this feature, for just one fluid
layer, the behaviour is entirely different for the two
substrates. The mylar. substrate, screened by the
4He inert layer, provides a disordered potential,
there is no 2D condensation of the fluid, and the
transition temperature follows the KT line, By
contrast the atomically flat plated graphite sub-
strate provides a periodic potential. At fluid cover-
ages below of order 4 nm™2 the uniform fluid is
unstable at sufficiently low temperatures and 2D
condensation occurs. Above this coverage there is a
strong suppression of both the superfluid transition
temperature and the superfluid density, possibly
due to the influence of the periodic potential due to
the solid underlayer. These results challenge our
understanding of superfluidity in helium films and
hopefully will stimulate more theoretical work.

3.4. Determination of y, factor

We now discuss measurements of the y factor of
the surface. This is obtained from an isotherm of the
oscillator period as a function of coverage, taken at
the same time as the vapour pressure isotherm. This
filling curve data refers to fully annealed films; this
procedure was possible because of the good long
term stability of the cell period. (An alternative is
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to fill the cell at constant temperature, which can
lead to non-uniform coverages.} Results for the
trilayer are given in Fig.7. In this case the super-
fluid transition temperature at the temperature of
the measurement is around 12 nm™2, A linear fit to
data below 11 nm™2 (normal film at this tempera-
ture) gives a mass sensitivity of 26.01 nsnm?. For
coverages above 13 nm™2 for which the film is
superfluid, a linear fit gives a slope of 25,014 ns-nm?.
This gives a x factor of 0.9617. For the bilayer
preplating we obtain a normal mass sensitivity of
26.00 nsnm?, in excellent agreement with the tri-
layer result. In this case the y factor is 0.9519. With
this data the expected slopes of the AP(0) vs. n lines
after third layer promotion are 1.25 (0.995) ns-nm? for
the bilayer (trilayer) preplating. These values compare
quite well to those obtained from Fig. 4, 1.176
(0.949) ns-nm?2. It is possible that the superfluid frac-
tion at T = 0 is suppressed in these films, but this
cannot be measured directly as it cannot be separated
from the effects represented by the x factor. CR report
a y factor of 0.989 for “He on bare graphite. For our
Grafoil sample with no preplating we find 3 = 0.956,
a result obtained from a filling curve on bare graphite
in the same cell following the same procedures. It
therefore seems that the preplating does not have a
big effect on the y factor, and it is likely that most of
the difference between our result and that of CR
arises from details of substrate quality or the effects of
different heat treatment.

Period - 947 ns

I, N 1

i L d L '
12 16 20 24
“He coverage, nm2

Fig. 7. Determination of x factor. *He filling curve at 940 mK
(for trilayer preplating), showing change in period as a func-
tion of coverage. Circles: non-superfluid coverages. Squares: su-
perfluid coverages. Linear fit to each of these sets of data are
shown. Results in vicinity of superfluid transition are omitted
from analysis.
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3.5. Other experimental features

In the third layer {second fluid layer) for bilayer
preplating, we find a set of small steps in the period
data, associated with small and sharp peaks in the
dissipation. Because we have studied a large num-
ber of closely spaced coverages we can follow the
evolution of this feature. The locus in the T-n plane
is shown in Fig. 8, and is suggestive of that of a two
phase coexistence region, or layer by layer fluid
condensation as predicted by Clements et al. [23].
Thus in this region the second layer would be a
uniform fluid and the third layer puddied. The
width of the coexistence region is 4 nm=2 and the
critical temperature of 0.8 K is close to that found
from heat capacity measurements in the second
layer. We emphasize that this attribution is ex-
tremely tentative.

We should point out that in this coverage regime
the period shift and amplitude data suffer from
contamination by third sound resonances [33]. The-
se could be eliminated in an oscillator with lower
operating frequency. Driving the oscillator in its
floppy mode helps to separate out third sound
resonances. However we can exploit the observed
mode crossings, the most pronounced signature of
which is dramatic decrease in the Q factor of the
torsion mode, to trace the evolution of the third
sound velocity, For the bilayer preplating the tem-
perature of the mode crossing exhibits a maximum
at 16.7 nm2; this arises from a compressibility
minimum in perfect agreement with that deter-
mined from the vapour pressure isotherm locating
third layer promotion, as expected. In contrast, the
measurements of ZMC [8] show a coverage offset
between maxima in the third sound velocity and
compressibility minima. This may arise because the
measurements are dominated from different graph-
ite surfaces in the same cell. The velocity data
comes from a cleaved highly oriented pyrolytic
graphite (HOPG) crystal while that for the vapour
pressure is dominated by the graphite foam ballast
in the same cell.

Above fourth layer promotion {formation of the
third fluid layer) the bilayer preplating period shift
data shows a plateau of width 2,5 nm™2. Additional
4He atoms added to the film appear not to contrib-
ute to the superfluidity. This most likely arises from
a reconstruction of the film, involving an increase
in the density of the first solid layer. A similar
plateau of comparable width was seen by CR, also
at fourth layer promotion, which in this case corre-
sponds to the formation of the second fluid layer.
These authors suggested a number of possible expla-
nations for such structure in the period shift iso-
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Fig. 8 Locus in T-n plane of features in oscillator (smail pe-
riod step, sharp peak in dissipation) tentatively associated with
puddling transition in third layer,

therms, including that of film reconstruction just
mentioned. It seems that the absence of a plateau in
the present data above third layer promotion should
add extra constraints on the possible explanation of
such features. On the one hand, it appears to favour
less strongly the model of Zimanyi et al. [36], who
calculate the superfluid density in Bose-Hubbard
model. On the other hand we do not believe that
the plateaux can arise from puddling, one of the
possibilities suggested in [6] and by Clements et al.
[25], since we observe a linear dependence of AP on
coverage in the second fluid layer. Puddling is
predicted in this layer, and as discussed we have
signatures in the torsional oscillator response which
can tentatively be ascribed to the onset of puddling.

Another striking feature of the evolution of super-
fluidity concerns the width of the dissipation peak
at superfluid onset. Thus should be sensitive to the
vortex dynamics in the film, For both preplatings
the data show a rather similar coverage dependence,
Fig. 9. Following the end of second layer puddling
the peak halfwidth decreases dramatically, through
third layer promotion. As the next fluid layer (third
layer) fills, the dissipation exhibits a minimum,
around 0.3 layer filling, followed by a maximum,
around 0.7 layer filling for both preplatings. Since
as the third layer fills, the superfluid transition
temperature exceeds 0.8 K, above the critical tem-
perature for gas-liquid coexistence, both the second

‘and third fluid layers should be uniform fluids at

superfluid onset, so there should be no effect of
puddling on the dissipation near onset.

Fizika Nizkikh Temperatur, 1997, v. 23, Nos. 5/6



Structure and superfluidity of ‘He films on plated graphite

160 | ] T |
. | o & ! n
I ol f I
[ | | |
» 1201 ) I
E i d | ‘
- - | 4) | I
£ | o ¥, I |
g eor ! g fo{ |
I A A s
L | |
§ 40 ! ] |
a L | | | )
| ] ] |
1 | L lj 1 ILJ ] |Ll 1 1
0 4 8 12 16 20 2
160 | ] T T
[ | S | 0
120~ | % 0.‘ I I
X I | I
FE
F= -
=] 80 | lo i . i
g | 1 e |
£ 40 | .o J° a0
% | 1% oy %
& 2 | | [ |
1 ] h | || SR JI L i 1 i

4He coverage, hm2

Fig. 9. Coverage dependence of width of superfluid transition.
Temperature halfwidth of dissipation peak at superfluid transi-
tion plotted as a function of coverage. Open (filled) circles are
for bitayer (trilayer) preplating.

4. Cpnclusion

The present experiment and the previous results
of Crowell and Reppy reveal a wealth of new
phenomena in atomically layered superfluid *He
films on graphite. Varying the substrate potential
by preplating has proved to be a valuable tool to
extract «universal» features of the behaviour of this
system.

On the hydrogen bilayer and trilayer preplated
surfaces we have studied there is no evidence for
superfluidity in the first 4He layer.

The second layer appears to condense into a 2D
liquid at sufficiently low temperatures for a layer
filling below 4 nm™2. At higher coverages in this
layer we believe it to be a uniform fluid. There is a
rapid increase in the superfluid signal and T, with
coverage, much faster than that expected from KT
theory. This may indicate a strong influence of the
periodic substrate potential on superfluidity, which
by extrapelation would completely suppress the
superfluidity of a uniform fluid layer at a layer
filling of order 0.6. However at completion of this
second layer (first fluid layer) the transition tem-
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perature is close to the KT line, with a dead layer
corresponding simply to the first solid layer.

On formation of the third layer, the period shift
data show that the system consists of two superfluid
layers atop an inert layer, which is believed to be
solid for both preplatings. The increase of the super-
fluid transition temperature with coverage is now
significantly slower than the KT line, but similar to
behaviour seen on mylar substrates.

The superfluid transition temperature of the film
would only appear to fit the expectation from KT
theory at essentially one coverage, third layer pro-
motion, for which the “He film consists of a single
fluld layer atop a single solid layer atop the pre-
plated substrate.

We believe that more theoretical work is required
to understand the superfluid transition of a singie
fluid layer subject to a crystalline potential. It
would also appear that the system of two fluid
layers of “He would merit further study. To what
extent are the layers, in particular the vortices,
coupled? There are possible analogies with high T,
materials here. A future experimental objective is to
attempt to grow a thick hydrogen film, and study
the expected submonolayer superfluidity with tor-
sional oscillator techniques.
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