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We report the observation of superfluid-like mass flow through coin-shaped 8 pm thick solid *He
samples sandwiched between superfluid leads. Mass flow is found from the melting pressure to at
least 30 bar with a concomitant decrease in the onset temperature from 1 K to 0.25 K. The mass
flow rate is found to be sample dependent and can be enhanced by thermal annealing. The flow rate
decreases with temperature and decays nearly exponentially with the pressure of the samples. The
dissipation associated with the mass flow decreases with temperature and becomes superfluid-like
near 0.1 K. In contrast to earlier studies on centimeter-thick samples, we do not see a sharp cut-off

in the mass flow rate at low temperature.

Recent experiments at the University of Massachusetts
(UM) found evidence of superfluid-like mass flow through
4 cm thick solid *He samples sandwiched between super-
fluid leads in the form of porous Vycor cylinders filled
with superfluid *He [1-4]. Due to the small pores in Vy-
cor, the freezing pressure of *He inside Vycor is elevated
to 35 bar [5] and enables a superfluid/solid /superfluid
sample geometry. The UM experiments found mass flow
below 625 mK and 27 bar in some but not all solid sam-
ples. Many of the features found at UM were replicated
at the University of Alberta (UA) by directly compress-
ing the solid [6, 7]. These observations have been inter-
preted as consequences of the ‘superclimb’ process where
edge dislocations with superfluid core transport “He from
superfluid into the solid and through the solid [8-10]
and/or transport through the superfluid cores of screw
dislocations [11].

We studied mass flow through 8 pum thick solid “He
samples with the same sandwich geometry (inset of Fig.
1 and Supplementary Material I [12]). Since 8 pm is
shorter than the typical length of dislocations [17, 18], the
dislocation lines are likely pinned at the two flat surfaces
of the solid sample and aligned primarily along the flow
path direction [19] without forming a network as in prior
centimeter-thick solid samples. Fig. 1 summarizes the
results of this study: namely superfluid-like mass flow is
found to the left of dashed curve.

The 8 um sample space inside a copper casing is sub-
tended by a Kapton foil with a circular open aperture
pressed between two Vycor cylinders. The copper casing
thermally anchored to the mixing chamber keeps the low
temperature ends of Vycor cylinders and the solid sample
at the same temperature. The high temperature ends of
the Vycor cylinders open to small volumes SL and SR
and are then connected by capillaries to the piezoelectric
pressure gauges PL and PR and to the *He gas han-
dling system at room temperature. SL and SR serve as
reservoirs for bulk liquid “He.

Three different procedures are used to grow solid sam-
ples. In the first method, a flow field is created by con-
tinuously feeding *He gas into the cell from one capillary
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FIG. 1. Boundary of mass flow phenomenon in solid “He.
Mass flow is found to the left of the dashed blue curve defined
by Tonset, the onset temperatures extrapolated from mass flow
vs. temperature data from Fig. 4. The blue dashed curve is a
simple exponential fitting of the T,y st data. Inset: Schematic
drawing of the sample cell.

and vented via the other that allows the growth of a solid
sample from superfluid in the 8 um gap to the intended
pressure. In the second method, a solid sample is grown
from superfluid in the absence of a flow field by feeding
helium into the cell symmetrically from both capillar-
ies. In the third method, liquid samples were refrozen
near 1.5 K without adding helium. All 80 samples grown
and densified by the first method between 70 mK and 1
K showed mass flow. In comparison, 10 out of 13 solid
samples grown by the second method showed mass flow
and only 3 out of 10 samples refrozen from liquid showed
mass flow. The flow rates both prior to and after thermal
annealing are sample dependent. More details are shown
in Supplementary Material II.

Two different procedures are used to induce flow
through the samples. In the piston method, “He gas is
injected via one of the capillaries into the cell and the
flow rate is determined by monitoring PL and PR. The
injection is accomplished by reducing momentarily the
room temperature volume next to PL (or PR). Fig. 2(a)
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FIG. 2. Time evolution of PR and PL in response to (a) the
injection of *He gas to the left of sample cell at t = 19 s; (b)
the introduction (at ¢ = 425 s) and removal (at ¢ = 605 s)
of a 20 mK heat pulse on SL. Flow rates shown in panels
(a) and (b) are identical at 0.23 mbar/s. (c¢) The exponential
approach of PL towards a constant PR indicates the mass
flow is limited by the normal fluid inside Vycor. (d) PL and
PR equilibrate towards each other after an injection of *He
gas to the right side of a 30.1 bar sample. The mass flow
rate decreases with temperature between 0.1 to 0.25 K. No
evidence of flow above 0.3 K. Pressure oscillations came from
oscillations of the still temperature.

shows the time evolution of PR and PL in response to a
sudden increase in PL for a solid sample at 25.8 bar. An
immediate linear increase is seen in PR. For PL, there is
an initial rapid drop followed by a gradual linear decrease
that matches the increase in PR. The initial rapid drop
is the result of the room temperature *He gas condensing
into SL. The subsequent linear decrease in PL and the
matching linear increase in PR indicate a constant left to
right mass flow that is independent of (PL - PR). The
flow ends abruptly when PL = PR.

Fig. 2(b) shows mass flow through the same solid sam-
ple induced by fountain pressure. The linear decrease in
PR observed at the introduction of 67" = 20 mK to SL
is due to mass flow from right to left through the sample.
The initial drop in PL at t = 425 s in response to the
introduction of 67" is due to a ‘secondary’ fountain effect
between SL and the superfluid in the capillary on the
left. The heat imposed on SL creates a fountain pres-
sure that pulls liquid *He from the capillary and reduces
the pressure in the room temperature volume near PL.
After a new temperature profile along the capillary is es-
tablished near t = 440 s, PL proceeds to increase linearly
at a rate that matches precisely the decrease shown by
PR. The responses in PL and PR after the removal of
0T are mirror opposites of that seen due to the introduc-
tion of 7.

In our sandwich configuration, the measured mass flow
rate is limited by and yields the flow rate of the ‘bottle-
neck’ along the flow path. Solid samples with pressure
below 27.3 bar are usually the bottlenecks since SL and

SR, as well as the Vycor cylinders are filled with super-
fluid. Interestingly, at sample temperature near 0.1 K
and under a very small 07", superfluid in Vycor cylinders
is the bottleneck instead of the solid sample (Supplemen-
tary Material III). For measurements of solid samples
above 27.3 bar, it is necessary to control both SR and
SL at temperatures higher than 1.65 K to keep “He in
the reservoirs from solidifying. This drives the *He in
the high temperature ends of the Vycor cylinders into
the normal phase (see Fig. 1). As a result, the Vy-
cor cylinders become the bottlenecks of the flow path for
pressure between 27.3 bar and 29 bar and the mass flow
through the solid cannot be measured. Since the flow
rate decays nearly exponentially and rapidly with pres-
sure (Fig. 5), solid samples with pressure above 29.5 bar
replace the Vycor as the bottlenecks and their flow rate
can be measured again.

Fig. 2(c) and 2(d) show mass flow of solid samples
at 28.5 and 30.1 bar and illustrate the ‘bottleneck’ phe-
nomenon. For the 28.5 bar sample, PR is raised and kept
at a nearly constant value. PL is found to increase ex-
ponentially towards PR with a time constant of 4 hours.
Such an exponential equilibration is what one would ex-
pect if the impedance of mass flow is dominated by nor-
mal fluid in the high temperature ends of the Vycor cylin-
ders. Piston method is used to induce flow on the 30.1
bar sample labeled as sample THO3 in Fig. 4. The mass
flow rate (independent of time) is found to decrease with
increasing temperature up to 0.25 K. No flow is found at
0.3 or 0.4 K.

Reference 2 reported sub-linear dependence of flow rate
on the chemical potential difference across the two bulk
liquid reservoirs and the result was interpreted as evi-
dence of Luttinger-liquid like transport. We found simi-
lar behavior. At low §7 mass flow rate increases linearly
with 4T and above a certain value of §T, a sub-linear
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FIG. 3. Responses of the change in PR (APR) vs. time (t)
of sample S505 at 0.1, 0.2, 0.3 and 0.4 K immediately after
the removal of heat pulse. Equilibrium is reached at ¢t = 7
when PR = PL. The red dashed straight lines highlight the
onset of curvature in PR vs. time that appears above 0.1 K.



dependence is found (Supplementary Material I1T). We
examine closely the time evolution of PR in response to
the removal of the heat (67") imposed on SL. Fig. 3
shows the fractional change of PR as a function of t/7
at 4 different temperatures, with 7 being the time when
PR becomes equal to PL at the end of mass flow. At
0.1 K, PR is found to increase towards PL linearly with
time with no noticeable deviation. This means the flow
rate is a constant independent of the pressure difference
and ends abruptly when PR = PL. This is consistent
with dissipationless superflow. At higher temperature
the flow rate decreases with time. Consistent results on
other samples are shown in Supplementary Material IV.
It would be interesting to ascertain by a more definitive
method if the mass flow is truly dissipationless near and
below 0.1 K.

Contrary to UM [3, 4], we found thermal annealing en-
hances instead of diminishes the flow rate. When a sam-
ple grown near 0.1 K is annealed up to 0.8 K, a saturated
and reproducible (upon warming and cooling) flow rate
is found. The enhancement ranges from 30% to 400%.
Solid samples grown near and above 0.8 K, as expected,
require no annealing to be in the saturated state. More
details are shown in Supplementary Material V. The re-
ported flow rates in this paper are the ‘saturated’ values
from samples grown in the presence of a flow field and
measured by fountain effect with a §7 = 20 mK.

Fig. 4 shows flow rate decreases with temperature in
16 solid samples. This trend is consistent with the UM
results. A flow rate of 100 ng/s corresponds to a time rate
of change in PR or PL ~ 0.34 mbar/s (Supplementary
Material I). Sample TS5 was grown with *He gas with 5
parts per trillion (ppt) of 3He from superfluid at 70 mK
and annealed to 0.8 K. Samples TS6 through TS13 were
sequentially densified at 70 mK and measured. The pis-
ton method was used for samples THO1 and THO3 at 29.6
and 30.1 bar. The flow rates of the densified solid sam-
ples decrease with pressure and show reproducible tem-
perature dependence upon warming and cooling without
any additional thermal annealing. It appears these den-
sified solid samples ‘inherit’ the changes imparted into
TS5 when it was annealed. The inset shows that the de-
crease with temperature in the flow rate accelerates with
the sample pressure. The result of the 26.4 bar sample
from UM [4] is also shown in the inset for comparison.

In addition to the TS and TH samples, Fig. 4 also
shows flow rate vs. temperature for samples S08, S10,
S11, He3c and He3f. S08, S10 and S11 were individu-
ally grown from superfluid and annealed to 0.8 K. The
magnitude of the flow rate of SO8 is significantly lower
than S10, TS5 and TS6, samples at comparable pressure.
This illustrates that the flow rate is sample dependent
even after thermal annealing (Supplementary Material
IT). Samples He3c and He3f were grown with gas mix-
tures with X3 equal to 16 and 1200 ppm. The results of
seven other solid samples made with gas mixtures with
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FIG. 4. Mass flow rate vs. temperature of solid samples at
different pressures. Normalized mass flow rates (flow rate at
0.1 K = 1) of the TS and TH samples are shown in the inset.
Result from a UM sample at 26.4 bar [4] is shown in the inset
as a dashed curve.

X3 that ranges from 5 ppt to 1.5% are shown in Supple-
mentary Material VI. This series of measurements were
made to search for the sharp-drop in flow rate at low tem-
perature found at UM and UA [3, 4, 6, 7]. We found no
sign of such a drop down to 70 mK in any of these sam-
ples. This discrepancy is consistent with the idea [4] that
the sharp-drop is the consequence of the binding of 3He
at the junctions of the dislocation lines. These junctions
are absent in our thin samples. The addition of *He im-
purities also does not alter the temperature dependence
or the magnitude of the flow rate.

Fig. 5 shows mass flow rate at 0.1 K as a function of
the pressure of the solid samples. Each of the five data
sets labeled as SA to SE began with a fresh low pressure
‘seed’ solid sample grown from superfluid under a flow
field at 0.1 K. After the flow rate of the seed sample was
measured at 0.1 K, it was densified to higher pressure
and measured without thermal annealing. The data set
shown in black triangles is extracted from Fig. 4. Flow
rate vs. pressure of two series of samples using He gas
with 1200 ppm of 3He are also shown. The seed solid
sample of one of these series was thermally annealed and
the other was not. Fig. 5 shows that an exponential
function provides a good description of the dependence
of mass flow rates on pressure. However, different flow
rates and decay constants are found for each of the nine
data sets. The open symbols in data sets SC and SD
came from samples depressurized from a prior sample
of higher density. These data demonstrate an absence
of ‘pressure’ or ‘densification’ hysteresis in flow rate and
decay constant. It appears the mass flow rate and the de-
cay constant are determined by some specific properties
that were ‘imprinted’ into the seed solid sample when it
was initially grown from superfluid. The orientation and
size of the crystal grains and the ‘kinks’ and ‘jogs’ [22] of
the dislocation lines are possible ‘imprintable’ properties
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FIG. 5. Mass flow rate measured at 0.1 K as a function of sam-
ple pressure. The flow rate of superfluid through the Vycor
cylinders at 450 ng/s is marked by a blue horizontal dashed
line (See supplementary Materials III). This sets the upper
limit of the observed flow rate. When the data at and near
this saturated value are excluded, the flow rates of all nine se-
quences of samples, show nearly exponential decay with pres-
sure. Decay constants and flow rate show sample-to-sample
variation. The Vycor ‘bottleneck’ effect prevents the mea-
surement of flow rate of samples between 27.3 and 29.5 bar.
The red dashed-dotted curve represents a quadratic depen-
dence of flow rate on pressure P (rate = Ao(P-Py,) "2 + By).
Py, is the melting pressure and Ao and By are constants de-
termined by anchoring the curve at two data points of the SA
sequence. Such a quadratic dependence is predicted if liquid
channels are responsible for the mass flow [20, 21].

that are passed on from the seed to the densified solid
samples. Thermal annealing changes some but not all
the imprinted properties (e.g. reducing the number of
‘Jogs’ [22]) for higher flow rate.

A recent experiment studying superfluid *He confined
in porous Gelsil glass of 2.5 nm pore diameter found the
superfluid transition temperature decreases with pres-
sure beyond the bulk melting curve [23]. The superfluid
boundary near 30 bar matches the dashed line shown in
Fig. 1. The superfluid density vs. temperature plot also
resembles the mass flow curves shown in Fig. 4. These
resemblances raise the possibility that the observed mass
flow in solid is a consequence of ~2.5 nm diameter liquid
channels [20, 21] percolating inside the solid. Our mea-
sured flow rate of 300 ng/s is equivalent to a solid/liquid
4He volume flow rate of above 1.4 x 107% ¢cm?/s. This
rate is the product of the cross section of the aperture
(7(0.15)% c¢m?), the superfluid density ps and the flow
velocity, v. If liquid channels are responsible for the
mass flow, then ps is equal to the density of the chan-
nels times the cross sectional area of each channel. The
density of the channel then must exceed 2 x 107 cm ™2
to give a reasonable (i.e. ~1 m/s) superfluid velocity.
Such a density implies the solid samples are consists of
micron size crystallites instead of relatively large crystals
expected for samples grown from superfluid [21]. Tt would

also predict a flow rate that decreases quadratically with
pressure [20, 21]. Such a dependence, as shown in Fig.
5 is not seen. It has been suggested that grain bound-
aries are superfluid and may be responsible for the ob-
served mass flow [24]. If this is the case, one would expect
(as with the liquid channel scenario) thermal annealing
should reduce rather than enhance the flow rate. In addi-
tion, one would also expect the mass flow rate to exhibit
Kosterlitz-Thouless-like temperature dependence. This
is also not seen.

The results of this experiment favor the superfluid
screw dislocation model of mass flow. Since the edge dis-
locations are likely pinned nearly parallel to the flow path
[19], the superclimb mechanism within the solid should
not contribute to mass flow. If the superfluid core of
screw dislocations are the conduits of the mass flow, then
ps 18 equal to an effective cross-sectional area of the su-
perfluid core (~1 nm?) [8] times the density of disloca-
tion. If we use 10° to 10 cm™2, the density found in
shear modulus measurements [17, 18], a ps that ranges
from 10 to 1078 is found. This would require a flow
velocity v in the range of 150 to 1500 m/s to arrive at
a flow rate of 300 ng/s. This may be reasonable since
‘inside’ a dislocation core the critical velocity can be on
the order of the velocity of sound of solid *He (~500
m/s). However, the weak path length dependence in the
mass flow rate is somewhat puzzling within the superfluid
screw dislocation model. The typical flow rate found in
the UM experiment with a sample path length of 4 cm
is 100 ng/s which is only 3 to 4 times smaller than what
we found for a sample of 8 pm.

The sample dependent and thermal annealing sensitive
flow rates suggest the orientation of the *He crystals and
the dislocation lines within the crystals may be the key
‘imprinted’ properties of the samples. It will be worth-
while to study solid samples where the c-axes are aligned
parallel and perpendicular to the flow field [25].
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