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Hysteretic Solidification of Surface “He Measured by the Modification of the Specularity of *He
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We have measured the superfluid fraction of *He in pores of sintered silver. The superfluid fraction,
which is suppressed by confinement, increases with pressure due to the decreasing coherence length.
Coating the surfaces with a thin film of *He partially restores the suppressed superfluidity, but above 17
bars this effect diminishes as the “He film solidifies. This solidification occurs over a range of about 9
bars and is hysteretic. With a slightly thicker *He film, solidification occurs at pressures greater than

that required for bulk (25 bars).

PACS numbers: 67.50.Fi, 67.40.Hf

This Letter describes a series of experiments on *He
and *He confined within the pores of sintered silver. The
3He functions as both a hydrostatic medium to generate
pressure as well as a detector of specular scattering of
3He quasiparticles at the surfaces. The *He, which is
preferentially plated onto the surfaces, serves as the agent
to induce specularity as well as the material whose
solidification is studied in this experiment.

The breaking of superfluid pairs of *He by a diffusely
scattering surface produces a reduction in superfluid den-
sity and transition temperature which were predicted
[1,2] and observed in a number of experiments [3-8].
Freeman et al. [7] observed that the transition tempera-
ture and superfluid fraction were restored to bulk values
by the addition of *He, as is expected for a specularly
scattering surface. Kim ez al. [8] also saw an increase in
the superfluid fraction of *He in a porous medium formed
from pm-sized particles following the addition of *He. In
the normal fluid, Tholen and Parpia [9] induced slip,
which is associated with specular scattering, by the addi-
tion of similar coverages of *He to the surfaces.

One of the outstanding questions is whether the conver-
sion of the “He fluid layer to a solid reduces the specular-
ity. We find that solidification does destroy the speculari-
ty of the interface, and this destruction of specularity is
used in this experiment to indicate the phase of the sur-
face *He. The process of solidification occurs over a
range of pressures starting below 25 bars, and is strongly
dependent on the *He film thickness.

In this experiment, the *He was confined in a region
with pore sizes comparable to the coherence length in the
superfluid. The expected diffuse scattering of *He should
break pairs and suppress the total superfluid fraction
below the bulk value. Specular scattering induced by a
surface layer of *He is expected to reduce or eliminate
this suppression. By measuring the superfluid fraction
following a change in pressure, we can determine the
dependence of the specularity on the phase of the “He
surface layer.

The experiments were carried out in a torsion oscillator
cell which contained a 0.75-cm-diam 0.75-cm-tall cylin-
drical plug of silver powder (nominal diameter of 700 A)
sintered to 68% of solid density, with a 0.75-mm-diam
hole drilled down the length of the sinter to promote
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thermal equilibrium. The cell was located in close prox-
imity to an LCMN (lanthanum-diluted cerium magnesi-
um nitrate) thermometer. The total surface area of the
sample volume (measured using a standard technique
[10]) consisted of 26.0 m? from the sintered heat ex-
changer which coupled the *He to the PrNis nuclear re-
frigerator, plus 2.1 m? from the sintered silver itself. A
melting curve thermometer was anchored to the body of
the heat exchanger [11].

The superfluid fraction can be determined by measur-
ing the shift in the resonant period of the oscillator. The
empty cell period Py is determined by plotting the period
at the transition temperature, P(T,), against the density
and extrapolating to zero. At T, all the fluid contributes
to the moment of inertia of the cell. The superfluid frac-
tion can therefore be found from the relation

i P(T.)—P(T)
I1—y P(T.)—Po

Here, y is the fraction of the superfluid which contributes
to the moment of inertia because of the tortuosity of the
sinter. We find y to be 0.68 from measurements on pure
4
He.
The zero-temperature coherence length of superfluid
3He is given by the relation [12]

§o=0.18hl‘p/kBT(~ .

For 3He, this varies from ~800 A at 0 bar to —180 A at
29 bars. In this sinter, the average pore size is approxi-
mately 2000 A. Since the suppression of superfluidity
occurs within about one coherence length of a diffusely
scattering surface, the superfluid density is expected to be
very small at low pressures, but should increase dramati-
cally with pressure due to the rapid decrease of the coher-
ence length.

The values for p,/p at 17 bars are plotted in Fig. 1 for
both pure *He and the lowest coverage (~3.5 mono-
layers) of surface *He. The superfluid density is clearly
enhanced by the presence of the *He, though not restored
to the bulk value [13]. Further, the suppression of 7 ob-
served in the pure *He sample is no longer present after
the addition of *He. The superfluid fraction is found to
increase by ~65% at 0.47, for all pressures at or below
17 bars.
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FIG. 1. Superfluid density as a function of 7/T. at 17 bars,
with data shown for the pure *He sample as well as for the
lower coverage of *He. The data for the 4.5-layer *He film is
very similar to that for the 3.5-layer-thick film shown here. The
solid line is the superfluid density for bulk *He.

The addition of *He introduces specularity only for
coverages [7] greater than about 30 gmol/m? and is
nearly complete [9] for 50-60 ugmol/m?. We started by
adding 50 umol/m? of *He, or approximately 3.5 mono-
layers. At this coverage, the surface scattering of He
quasiparticles is expected to be quite specular [9]. For
flat surfaces, completely specular scattering should re-
store the superfluid fraction to that of the bulk [7]. How-
ever, the large mesoscopic curvature of our substrate re-
quires bending terms in the order parameter which should
suppress the superfluidity even in the presence of specular
scattering [14].

We carried out a series of temperature sweeps for pure
3He similar to those illustrated in Fig. 1. We plot the
superfluid fraction in Fig. 2 at a reduced temperature of
T/T.=0.4 since this temperature is accessible at all pres-
sures and “He coverages. At such a low reduced temper-
ature, the superfluid fraction in the bulk liquid is close to
unity [13] (see Fig. 1). The coherence length should be
near its zero-temperature value, and effects due to sup-
pression of T, should be minimized. The superfluid den-
sity is clearly reduced for all pressures, with the amount
of suppression decreasing as pressure increases (and
coherence length decreases). As expected for diffusely
scattering surfaces, the T,’s for the various pressures are
also reduced. Because of the range of pore sizes and the
effects of mesoscopic curvature, it is difficult to make
comparisons between the suppression of p; and 7T, ob-
served in this experiment with theory [15]. The general
behavior, however, conforms well with expectations. This
Letter will instead focus on the changes brought about by
the addition of “He to the surfaces and its solidification.

As can be seen in Fig. 1, the suppression of p; was sub-
stantially reduced upon the addition of “He. The

FIG. 2. Superfluid density at T/T.=0.4 for various pres-
sures. Open circles refer to the pure *He data (with the solid
line through them serving as a guide), while the open squares
and solid triangles are for the thinner *He coverage on increas-
ing and decreasing pressure, respectively. The dashed line
(specular scattering curve) is 1.65x% the line through the pure
3He result (see text). The stars refer to the thicker *He film.

solidification region above 17 bars will be discussed in
greater detail later. Since the 7. was restored to its bulk
value, we believe that the specularity of the surface is
high, in agreement with our earlier measurements in the
normal fluid. The fact that we do not see any further in-
crease in the superfluid fraction with additional *He (to
be discussed later), along with the results for specularity
in the normal fluid [9], favors the argument that the frac-
tion of specular scattering is nearly unity. As the pres-
sure increases, the superfluid fraction is expected to con-
tinue to increase in the same proportion as was observed
below 17 bars. This is illustrated in Fig. 2 by the dashed
line.

Above about 17 bars, the enhancement of p; begins to
fall off with increasing pressure. As can be seen from
Fig. 2, the transition from the specular scattering regime
(dashed line) to the diffuse scattering regime (solid line)
occurs over a broad pressure range. Once the pressure is
above about 26 bars, the data for p,/p at 0.4T, with sur-
face “He has reverted to the curve for pure *He.

Having attained a pressure of 28 bars (at which point
the measured value of p; was the same as that for the
pure 3He), we decreased the pressure. We found that p;
did not reproduce the path observed during pressurization
[16). Instead, the superfluid fraction decreased slightly,
following the curve for the pure *He sample. At a pres-
sure of 22 bars, p; increased sharply before coinciding
with the value obtained while increasing the pressure.
Figure 3 shows an enlargement of the hysteretic region,
with the dashed line representing the results of pressuriz-
ing to 24 bars and then decreasing pressure. We have
reproduced this hysteresis loop twice in its entirety with
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FIG. 3. Enlarged view of solidification region for the thinner
*He film. The heavy solid line is the data for pure *He, or
diffuse scattering. The solid lines show the region of hysteresis
with the arrows indicating increasing or decreasing pressure.
The dashed line and open diamonds are the data taken upon re-
ducing the pressure from 24 bars. The other symbols are the
same as in Fig. 2.

no significant deviations.

In order to explore this phenomenon further, we in-
creased the coverage of *He to 65 pmol/m?, or roughly
4.5 monolayers. We found no measurable change in the
superfluid fraction at this higher coverage for pressures
below 17 bars. However, the response of this film to
higher pressures was dramatically different. At 17 bars,
ps/p continued to increase along the curve for specular
scattering (dashed line in Fig. 2) instead of reverting to
the pure *He, or diffuse scattering, curve. The increase
continued until approximately 25 bars. From about 26 to
29 bars, the superfluid density dropped, although not to
the diffuse-scattering value. This data set is indicated in
Fig. 2 by the open stars. The pressure could not be raised
further because of solidification of *He in the fill line.

We interpret the restoration of the superfluid fraction
to the pure *He value as the result of solidification of the
surface “He at high pressures. If this effect was due to
the introduction of *He into the *He, then it should have
been reversible. We do not believe there is any evidence
that *He is present in the surface *He layer. Measure-
ments of third sound [17] in *He/*He mixture films a few
monolayers thick are consistent with a simple model of
nearly complete phase separation. The fact that we ob-
served a monotonic increase of the specularity with the
addition of *He (up to approximately 120 gmol/m?) in
our experiment in the normal fluid [9] (at O bar) also
suggests that *He does not dissolve into the surface *He,
since the *He would couple momentum across the inter-
vening superfluid layer and decrease the slip. Thus, we
assume that the decrease in the superfluid fraction indi-
cates partial solidification of the surface *He. As we out-
line below, the hysteresis is consistent with a model of
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solidification at sites of higher local van der Waals poten-
tials.

The model used by Landau and Saam [18] to describe
the nucleation of solid *He assumes a local *He number
density which depends on position. The number density
is increased inside the attractive well created by the van
der Waals potential of the substrate, increasing the local
pressure at the substrate compared to the bulk. Solidi-
fication of a thin surface *He film should thus occur at a
lower pressure than in the bulk.

However, when “He liquid fills the channels of a porous
material, other factors may dominate. A model proposed
by Dash [19] for *He solidification suggests that on disor-
dered surfaces, the existence of grain boundaries in the
solid “He at the surface increases the solid-substrate free
energy, which in turn increases the pressure required to
nucleate solid “He. The amount of overpressure is deter-
mined by the volume-to-surface-area ratio as well as the
surface roughness and geometry. Alternatively, Lie-zhao
et al. [20] propose that *He liquid contained in a porous
geometry might nucleate within the small fluid region of
the pores rather than on the substrate surfaces. In this
case, the work needed to form a nucleus provides a poten-
tial barrier against formation of the solid. The nucleus is
stabilized by an excess pressure, proportional to the inter-
facial tension between liquid and solid. Although the
mechanisms are different, both these models [19,20] pre-
dict that excess pressure will be required to solidify *He
in a disordered medium and compete with the mechanism
described by Landau and Saam [18].

Previous experiments have measured *He solidification
only in systems of pure *He, in contrast to our arrange-
ment in which a thin film of *He in a porous geometry is
covered by *He. Lie-zhao er al. [20] found that for *He
in Vycor (with average pore size of ~70 A), superfluidity
was still present at pressures as much as 20 bars above
bulk solidification. Similar experiments using various
pore sizes [20,21] also found an increased solidification
pressure, with higher pressures required for the smallest
pore sizes. We also note that layered solidification was
observed on graphite [22], which is wetted by “He, at
pressures well below the bulk solidification pressure. In
all of these experiments, the amount of “He in contact
with the substrate was only a small fraction of the total
‘He sample. For our experiment, however, the amount of
“He was fixed and confined to the surfaces; thus, our ex-
periment directly samples surface solidification.

The superfluid transition temperatures of a 90-pmol/
m2-thick *He film covered by bulk 3He on a flat Mylar
substrate were measured as a function of pressure [23].
Transitions continued to be observed above the bulk
solidification pressure up to 29 bars, indicating that liquid
was still present. This agrees with our current results
which indicate an increased pressure required for solidi-
fication of a “thick” *He film covered by *He.

Solidification of our thinner *He layer occurred sub-
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stantially below the bulk solidification pressure for *He
(25 bars) and was strongly hysteretic. The range of pres-
sures over which solidification was observed is thought to
result from the presence of sites with varying strengths of
local van der Waals potential. In a more uniform surface
geometry, solidification would presumably occur more
abruptly. Thus, for this film thickness, the mechanism
proposed by Landau and Saam dominates the solidi-
fication. Complete solidification was not possible for the
thicker *He film. However, solidification commences
near 25 bars and is not complete at 29 bars. For this film
thickness, the van der Waals contribution from the sub-
strate is less important than the mechanisms that lead to
the elevation of the melting pressure in the full-pore ex-
periments. Clearly, the various contributions to solidi-
fication are comparable and we have been able to observe
both regimes in a single experiment.

The fact that we have been able to observe the
solidification of the thinner *He films at reduced pressure
(from bulk) indicates that the solid nucleates at the sur-
faces. This seems to favor the description by Dash to ex-
plain the overpressure required to solidify thicker *He
films. As the film thickness is increased and additional
solid nucleates onto the surface solid layer, the grain-
boundary energy of *He crystallites becomes more impor-
tant. Since there are no bulklike fluid regions in the
films, the model of Lie-zhao et al. is probably not applic-
able to our system.

Interactions between solid regions nucleated at differ-
ent sites result in hysteresis. The solid grows outward
from regions of higher potential, and as pressure in-
creases, some regions coalesce to form larger plates of
solid. These regions, having a smaller ratio of surface
area to volume, are stable at lower pressures. Thus, once
all the *He film has solidified, it is stable at a lower pres-
sure than was required to solidify it. This picture would
give rise to hysteresis even for incomplete solidification,
as we observed upon reducing the pressure from 24 bars
(Fig. 3, dashed line). Alternatively, providing the model
of Dash is applicable, an additional mechanism for hys-
teresis via the annealing of grain boundaries may be
relevant.

To summarize, we have seen that solidification of sur-
face *He films leads to a destruction of specular scatter-
ing of the *He quasiparticles from the surfaces. Solidifi-
cation of the surface *He for our thinnest films occurs at
a pressure below that of bulk, in accord with the theoreti-
cal expectation of Landau and Saam. The increase in
solidification pressure for our thicker film is in qualitative
agreement with that observed in earlier full-pore experi-
ments. The hysteretic behavior indicates that the solid

preferentially nucleates at sites of stronger van der Waals
potentials. Finally, the technique of observing solidi-
fication of thin “He films using *He as a hydrostatic
medium should be a useful tool for the investigation of
“He interactions with various substrates.
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