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We have investigated the distribution of 3He–4He mixtures in a system
comprised of two porous materials: aerogel and silver sinter. The particle
number density, and thus the 3He–4He concentration, was measured directly
in the aerogel sample. We discuss both the observed history dependence for
the low temperature equilibrium 4He fraction in aerogel and the temperature
evolution of the 4He fraction.

Bulk 3He–4He mixtures exhibit a remarkable low temperature phase
diagram.1 The 4He superfluid transition temperature decreases with an
increasing 3He fraction in the mixture, until it meets the phase separation
curve at the tricritical point. Below 872 mK, the mixture undergoes phase
separation into a 3He-rich component and a superfluid 4He-rich compo-
nent. At zero temperature and pressure the 3He rich phase excludes all 4He
impurities but a finite fraction of 3He ( % 6.4% at saturated vapor pressure)
remains dissolved in the 4He rich phase. Confining a 3He–4He mixture to a
porous silica aerogel has been shown to alter this phase diagram.2 In the
presence of an aerogel impurity, the 4He superfluid transition boundary
and phase separation curve become detached, producing a range of 3He
fractions for which the mixture does not undergo true phase separation,
but does exhibit a superfluid transition.
The observation of this modification in the 3He–4He phase diagram in

aerogel led to intense theoretical3–6 and experimental investigations into the
problem of understanding low temperature 3He–4He mixtures in porous
media. A quantitatively similar alteration of the 3He–4He phase diagram
has been observed in a range of different aerogel samples,7 in mixtures



confined to porous gold8 and vycor glass9 using a variety of measuring
techniques.10

The cell used in our investigations was designed to probe the low
frequency acoustical spectrum in 3He–4He mixtures in aerogel at ultra-low
temperatures.11 In order to cool the mixture below the 3He superfluid
transition temperature, the liquid was placed in contact with a silver sinter
with a large surface area. This sinter provided a second volume of porous
material in which the 3He–4He mixture could be distributed. By measuring
the 4He fraction in the aerogel (using an aerogel-filled concentric plate
capacitor) as we varied the temperature of the sample, we were able to
investigate the dynamics of 3He–4He mixtures in this bi-porous system. In
contrast, all earlier investigations of 3He–4He mixtures in porous materials
minimized the bulk volume in the experimental cavity, ensuring that the
4He fraction of the mixture in the experimental cell was identical to the 4He
fraction added at room temperature. However, the experiments were
restricted to the temperature regime above 100 mK.

1. EXPERIMENTAL DETAILS

Aerogel consists of a dilute network of silica stands. The particular
aerogel used in our experiments was a base-catalyzed 98% porosity sample.
Aerogels do not have a homogeneous distribution of silica, but exhibit
density correlations.12 For a typical 98% porosity sample, small angle
X-ray scattering indicates that aerogel has a fractal microstructure on
length scales from % 4 nm to % 100 nm. Since the silica strand structure of
the aerogel does not lead to well-defined pores, we will describe the aerogel
as having voids, or regions of low silica density, with characteristic lengths
from 4 nm to 100 nm. This particular sample consists of a volume of
0.6 cm3 with an estimated surface area of % 15 m2.
The distribution of 3He–4He mixtures confined to aerogel is deter-

mined by two main energy considerations. Firstly, the 4He atoms have a
smaller zero-point energy than the 3He atoms, so the 4He is preferentially
attracted to the surface of the aerogel. Secondly, the mixture will be dis-
tributed so as to reduce the interfacial area between the 3He and 4He rich
phases and minimize the interfacial (or surface) energy. The following
picture has been proposed to describe the distribution of the 3He and 4He
components of mixtures in aerogel when a comparable area of small-pore
silver sinter was absent.10

With a mixture containing a 4He fraction (x4) of [ 4%, all of the 4He
atoms are localized in a disordered solid layer on the surface of the silica
strands. Increasing x4 produces a thin superfluid film over the strands, and
this film thickens with increasing 4He fraction. At an x4 of % 15%, once a
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critical film thickness (corresponding to a coverage of approximately
4.5 nm) is achieved, adding 4He to the system does not increase the thick-
ness of the superfluid film. It should be pointed out that the width of the
phase separation boundary is % 1.5 nm, so there is no clear delineation
between the 3He rich and 4He rich phases in the thin film regime. As x4 is
increased past % 15%, the 4He component of the mixture begins to form
bridges between neighboring strands, and fills the regions of high silica
density. This ‘‘capillary condensation’’ signals the onset of macroscopic
regions of 4He rich phase. An increase in 4He leads to more of the smaller
voids filling with the 4He rich phase, leaving the 3He rich phase to occupy
the largest voids. At a 4He fraction of around 93%, the sample is com-
pletely filled with the 4He rich phase containing some fraction of dissolved
3He. Our observations of the behavior of 3He–4He mixtures in an
aerogel/silver sinter system agree very well with the predictions of this
model.
In contrast to the fractal structure of silica aerogel, the sintered silver

heat exchanger provides a simple porous material with a narrow pore size
distribution. The sinter was made from 70 nm silver powder packed to 50%
open volume and heated at 200°C for an hour. This leads to well defined,
interconnected pores with an average diameter of 80 nm and a narrow dis-
tribution in pore sizes.13 The open volume in this sinter is approximately
0.6 cm3, with a surface area of 4.2 m2. The surface area and open volumes
are comparable to those measured by other investigators.14–16 Besides the
0.6 cm3 taken up the by aerogel and the 0.6 cm3 filled by the silver sinter,
there is approximately 0.8 cm3 of bulk volume in this cell and fill lines.
Note that orientation of the cell is the same as shown in Fig. 1, that is, the
bottom of the aerogel sample is located approximately 3 cm above the
silver sinter. This will be important when we discuss the energetics of this
system.
A schematic diagram of the cell used in these investigations in shown

in Fig. 1. The principal measurements in these experiments are done with a
capacitor connected to the large resonator cavity and both the resonator
and the capacitor were filled with 98% aerogel. The capacitor provided an
in situ measurement of the 4He number density in the aerogel sample which
proved crucial to our investigation of the temperature dependence of x4
(the 4He fraction) in aerogel. The sound transducers were used to monitor
the distribution of 4He in the aerogel via changes in the ‘‘tortuosity’’ as
manifested by changes of the resonant frequency of the sound modes.17

Similar changes in the tortuosity were mapped in a torsion pendulum
experiment.18 The cell was cooled by a dilution refrigerator, and the tem-
perature in this regime ( \ 20 mK) was measured using a calibrated 1 kW
Dale resistor.
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Aerogel
0.65 cm3 open volume
15 m2 surface area
4 nm to 100 nm pores

Heat exchanger
1 cm3 open volume
4 m2 surface area
70 nm pores

Fig. 1. Schematic diagram of the cell used for investigating the dis-
tribution of 3He–4He mixtures in aerogel and silver sinter.

2. CAPACITOR AND METHODOLOGY

The capacitor used to determine the 4He fraction in the aerogel sample
consists of two concentric stainless steel cylinders, filled with a 98%
aerogel. Because the atomic polarizability of 3He and 4He are identical, the
change in capacitance upon filling the cell depends solely on the total
number density in the aerogel. We calibrated the device by measuring the
empty cell capacitance, together with the capacitance at several different
pressures (particle densities) with both pure 3He and pure 4He. The cali-
bration was found to be:

DC=6.1331 pF r (1)

with r the particle density in mol/cm3. The empty cell capacitance at low
temperature was 4.5114 pF. Using this calibration, we were able to deter-
mine x4 by converting the change in capacitance into a particle number
density. Then, using bulk 3He and 4He molar volumes, we compute the
relative 3He and 4He fractions in the mixture within the aerogel. The error
introduced by using bulk molar volumes for the 3He and 4He particle den-
sities is small because the aerogel only occupies approximately 2% of the
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total volume. This capacitor allowed us to determine the 4He fraction in
the aerogel to within 1%.

3. ADDITION OF 3HE AND 4HE TO THE EMPTY SYSTEM

Our first set of measurements involved an investigation of the deposi-
tion of 3He–4He mixtures into the bi-porous cell at low temperatures. This
was motivated by the observation that 3He–4He mixtures in aerogel
prepared at temperatures less than 100 mK exhibit different superfluid
properties of the 4He component when compared with samples prepared at
temperatures above phase separation and then cooled to low tempera-
tures.18, 19 Figure 2 shows the change in capacitance as 3He (lower plot) and
4He (upper plot) is added to the cell below 100 mK. The aerogel and sinter
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Fig. 2. The upper figure shows the capacitance change
(solid lines) on the addition of pure 4He into the system,
which is preferentially deposited into the aerogel (as opposed
to the sinter or the bulk). The vertical arrows mark the
addition of % 2 mmole pure 4He to the system with a corre-
sponding jump in temperature. The lower figure plots the
change in capacitance as pure 3He is added on to top of a
small amount (4 mmole) of previously deposited 4He. The
vertical arrows indicate the addition of % 2 mmole of 3He.
The capacitance is almost constant as the 3He is added
implying that the additional 3He is preferentially attracted to
the pores in the silver sinter.
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are pre-plated with % 2 mmole of 4He (enough to deposit the localized
solid layer) prior to the addition of more 4He to the system. Each of
the vertical arrows in the top portion of Fig. 2 marks the addition of
1–2 mmole of 4He to the system, with a corresponding increase in temper-
ature. Using the calibration from Eq. (1), we find that almost all the 4He
initially added to the cell at low temperatures is preferentially deposited in
the aerogel, even after a solid layer of 4He has been formed.20 It should also
be pointed out that the aerogel is located above the silver sinter, so it is
gravitationally unfavorable for the 4He to invade the aerogel rather than
the sinter.
By contrast, 3He added to the system first fills the silver sinter or bulk

volume, as shown in the lower plot in Fig. 2. The capacitor measures prac-
tically no change in the helium number density in aerogel as 3He is added
after the deposition of a few mmoles 4He in the aerogel.
We can understand this behavior by noting that the 3He is deposited

into the cell at temperatures well below the phase separation temperature.
Because the solubility of 3He in 4He is small at these low temperatures,
most of the 3He added to the system will enter the 3He rich phase. In order
to minimize the interfacial energy between the 3He rich and 4He rich
phases, as well as to minimize the free surface of the 3He, it is preferable
for the 3He to be deposited in the pores of the silver sinter, rather than a
configuration with the 3He rich phase distributed over the 4He covered
aerogel strands. The pores of the silver sinter have a concave curvature and
are connected by ‘‘necks’’ of smaller diameter. The 3He phase can coat the
surfaces in the sinter, minimizing both the free surface and the interfacial
area as it capillary condenses in the necks and smaller pores first.

4. EJECTION OF 4HE FROM AEROGEL

One further peculiarity involving the distribution of 3He–4He mixtures
in a bi-porous aerogel/sinter system is the inability to create a 3He–4He
mixture with an average 4He fraction in the aerogel between approximately
3% and 10% (corresponding to roughly 2.5 to 7.5 mmole 4He). This 4He
coverage should be enough to form a film. However, this distribution
would have a large interfacial area between the pure 3He and the dilute
mixture. Given this large free energy cost, the 4He film is unstable in the
aerogel and is ejected into the silver sinter. The curvature in the sinter
(primarily concavities) as compared to the mainly convex surfaces in the
aerogel, would lead to a progressively larger interfacial energy in the
aerogel as the film thickness increases, compared to the smaller interface
area as the 4He film thickens in the sinter. A similar effect has been
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observed in previous investigations on 3He–4He mixtures in aerogel at ultra-
low temperature.18, 19 With the progressive addition of 4He to the mixture
beyond the disordered solid layer on the aerogel, the 4He atoms are mainly
confined to the silver sinter. Only once there is a sufficient amount of 4He
in the system to begin capillary condensation in the smallest aerogel voids
is it no longer energetically favourable for the 4He to relocate to the pores
of the silver sinter. Further addition of 4He beyond this point leads to a
rapid increase of x4 in the aerogel.
Figure 3 gives evidence for a rapid ejection of 4He from the aerogel as

the sample is completely filled with 3He. This trace was taken at low tem-
perature as pure 3He was added to the experimental volume that initially
contained 3.6 mmol/cm3 4He. By this point in the loading of the cell, the
sinter had been completely filled with the 3He rich phase. Each vertical
arrow corresponds to 1.8 mmole of pure 3He being added to the system.
The drop in capacitance corresponding to the expulsion of approximately
3 mmol/cm3, (circled in Fig. 3) is consistent with the amount of 4He which
would be required to relocate to the sinter to result to obtain the measured
equilibrium 4He concentration in the completely filled cell, % 3% for this
sample. This expulsion of 4He out of the aerogel is only possible because of
the presence of the sinter, which provides an alternative reservoir for the
4He rich phase.21
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Fig. 3. Particle density as measured by the capacitor
as the aerogel is filled with pure 3He on top of
0.0036 mmole/cm3 4He. Also shown is the tempera-
ture measured with a melting curve thermometer that
exhibits heating spikes that correspond to the addition
of increments of 1.8 mmole pure 3He. The circled trace
indicates the sudden exodus of 4He into the pores of
the silver sinter.
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5. COLD DEPOSITED AND ANNEALED SAMPLES

The additional volume (and surface area) provided by the silver sinter
also provides an explanation for the history dependence of the equilibrium
4He concentration in the aerogel at low temperatures. For a given 3He–4He
ratio at room temperature, samples prepared by depositing the mixture
below 100 mK had larger 4He fractions in the aerogel than samples
prepared at 1 K and then cooled to 100 mK. We refer to the first case,
where the mixture is ‘‘quench condensed’’ into cell at low temperatures, as
cold-deposited samples, while the deposition from a homogenous mixture
(not phase separated) starting from a high temperature ( % 1 K) results in
annealed samples. In practice, we first prepared the mixture in the cold-
deposited state, then warmed the cell up to 1 K to produce the annealed
state. As the cell was warmed and cooled, we observed striking changes in
the 4He fraction in the mixture in aerogel. We first consider, however, the
variation of the low temperature 4He fraction in the aerogel for cold
deposited and annealed samples.
Figure 4 shows the 4He fraction of the mixture in aerogel at 20 mK

for a range of concentrations (x4) of 4He in the starting gas mixture at
room temperature for both cold deposited and annealed mixtures. The
4He concentrations corresponding to the solid 4He that coats the strands
and for complete filling with the 4He rich phase are also shown. It is
important to note that the 4He fraction in the aerogel need not equal the
4He fraction in the room temperature gas mixture because it is possible to
have different values of x4 in the aerogel and in the pores of the silver
sinter. Even with a very small fraction ( [ 2%) of 4He in the starting room
temperature mixture, the aerogel strands are coated by a solid layer of
4He. For x4 between 4% and 7% in the starting mix, a 4He superfluid film
is not formed on the aerogel, but instead the 4He migrates preferentially
to the sinter. Once a sufficient amount of 4He ( \ 7%) is added to the
experimental volume, the aerogel strands are covered by a thin superfluid
film whose thickness is unchanged as more 4He is added to the system.
Thus over a range of starting mixtures between 7% and 14%, x4 in the
aerogel remains fixed at % 11%. Thus our observations of this bi-porous
system were unable to sample x4 between 4% and 11%. The solid layer of
4He and the thin superfluid film show no change in their distribution as
the system is warmed to 1K and cooled back down to 20 mK, as evidenced
by the coincidence between the cold-deposited samples and their annealed
equilibrium counterparts for small x4 . We conclude that these small x4
depositions are equivalent irrespective of preparation method, and are
close to their equilibrium distribution rather than forming some meta-
stable interface.
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The situation for values of x4 greater than % 15%, is very different.
For these mixtures, the cold-deposited state has a significantly larger 4He
fraction than the annealed mixture. Even for relatively small values of x4 in
the room temperature mix, it is possible to prepare cold-deposited samples
with a 4He fraction of 71% in the mixture in aerogel. This high 4He frac-
tion in aerogel results from a non-equilibrium (as discussed below) distri-
bution of the 4He rich phase between the aerogel and silver sinter, with a
much larger value of x4 for the mixture confined to aerogel.
Unlike the mixtures in aerogel in the thin film state, the samples with

larger values of x4 show a dramatic shift in the equilibrium 4He fraction on
annealing the mixture at 1 K. The 4He content of the mixture in the aerogel
at 20 mK drops by between 18 to 30 mmole (or 30% to 50%) after the
sample is annealed at 1 K. This suggests that the cold-deposited, high-x4-in-
aerogel state is metastable, and that a more uniform distribution of the 4He
component of the mixture between the aerogel and sinter is the equilibrium
distribution.
We can estimate the potential energy stored in the metastable cold

deposited state by computing the difference in gravitational potential dif-
ference between the high 4He concentration cold deposited state and the
low 4He concentration annealed state. If we make the assumption that the
4He leaving the aerogel is redistributed into the silver sinter, then changing
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x4 from % 70% to % 20% will reduce the gravitational potential energy by
roughly 80 erg/cm3, based on the difference in density between 3He and
4He at 10 bar and assuming a 3 cm displacement between the aerogel and
sinter. Using the estimated value of the surface tension between the 3He
rich and 4He rich phases in mixtures of 24 mdyne/cm,22 this change in
potential energy between the cold-deposited and annealed mixtures in
aerogel corresponds to a interfacial area of % 0.2 m2. This suggests a cold
deposited mixture can only lower its free energy by redistribution of a
fraction of the 3He–4He interfacial area.

6. HYSTERESIS AND TEMPERATURE DEPENDENCE OF x4

We can also investigate the temperature dependence of x4 in aerogel.
Figure 5 plots the variation of x4 in aerogel with temperature, for a cold-
deposited sample (left panel) and an annealed sample (right panel), on both
warming and cooling. Despite the fact that both samples begin with
roughly the same 4He content in the mixture confined to the aerogel, the
dissimilarities in the temperature evolution of these two mixtures suggest
that there is a significant variation in the spatial distribution of the 4He rich
phase in aerogel for cold-deposited versus annealed samples.
There are two main differences between the behavior of the cold-

deposited versus annealed samples. Firstly, the cold-deposited sample
shows evidence for hysteresis upon returning to the lowest temperature.
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Fig. 5. Evolution of the 4He fraction plotted versus temperature. The left panel
shows the variations in a cold-deposited mixture upon warming (solid symbols)
and subsequent cooling (open symbols). The right hand panel depicts a similar
temperature variation for an annealed sample.
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There is a substantial change in the 4He fraction in aerogel before and after
warming the sample to 400 mK. The annealed sample on the other hand
shows no signs of such a variation of x4. The small variations in x4 with tem-
perature in the annealed sample are likely due to variations in thermal gra-
dients along the refrigerator column while the sample is warmed and cooled.
The second qualitative difference between these two plots is the pres-

ence of small peaks in the trace plotting the evolution of x4 on warming the
cold-deposited sample. These features are absent in all other traces in
which the evolution of the 4He fraction in aerogel is a monotonic function
of temperature. We attribute the presence of these peaks to a thermally
activated rearrangement of the 4He rich phase domains inside the aerogel.
The 4He rich phase in the cold-deposited mixture is distributed in some non-
equilibrium, but metastable, configuration. As the sample is warmed, the
4He fraction in the cell drops because of migration of 4He to other portions
of the cell and because of the temperature dependence of the solubility of
3He in 4He (and vice-versa). However, there is also the possibility of an
irreversible change in the distribution of the 4He rich phase in aerogel,
from a metastable to a thermodynamically stable configuration. The peaks
in the evolution of x4 could be evidence for the reorganization of the inter-
face in the aerogel or between the components of the bi-porous system.
Even though this sample was not warmed above the coexistence envelope
(i.e., the sample was still phase separated below 400 mK) we note that on
cooling the 4He is apparently in a stable configuration so there are no
sharp features corresponding to an irreversible redistribution of 4He. The
behavior on cooling (following the warming of the sample to near the
coexistence curve) of the cold-deposited sample replicates the behavior of a
nearly identical concentration annealed sample.
We also find evidence for hysteresis in the distribution of the 4He rich

phase in aerogel by examination of the acoustic spectrum of the sample.
We measured the spectrum of 3He–4He mixtures in aerogel for samples
prepared under different conditions, and found that the mode structure of
the system displayed a strong history dependence. We plot in Fig. 6 the
acoustic spectrum for a mixture in aerogel containing 89% 4He at 20 mK,
both for the cold deposited sample and for a sample annealed at 500 mK
then cooled back to 20 mK. Note that distinct 3He and 4He rich phases of
the mixture exist at a temperature of 500 mK so that the system does not
undergo a complete remixing at this temperature(see Fig. 5). There are two
peaks visible in each spectrum; resonance ‘‘A’’ is caused by second sound
like mode of the superfluid 4He component of the mixture, while resonance
‘‘B’’ arises from the Helmholtz mode, an oscillation of the normal compo-
nent (primarily the 3He-rich phase) in and out of the cell through the fill
line. Similar features were observed for pure 3He samples.23, 11
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The resonant frequency of the 4He slow mode depends on both the
4He fraction in the mixture in aerogel and on the distribution of the 4He
rich phase via the tortuosity.17 Since the low temperature (20 mK) 4He
fraction in aerogel for this sample is unchanged on annealing to 500 mK,
the shift in the slow mode resonant frequency must arise from a redistribu-
tion of the 4He rich phase brought about by heating the sample. The higher
frequency of the 4He slow-mode on annealing is evidence of the lower tor-
tuosity (or higher connectivity) of the 4He film.
Our final experiment on the 4He fraction in aerogel dependence on

temperature involved a sample with a very high 4He fraction. We inves-
tigated the temperature evolution of x4 for an annealed mixture with an
initial 4He fraction of 89%. This sample showed a decrease in x4 as the
sample was warmed, consistent with the increased solubility of 3He in 4He
at higher temperatures. The evolution of the 3He fraction of the mixture in
aerogel with temperature variation is plotted together with the phase
diagram for 3He–4He mixtures in aerogel (taken from Ref. 2) in Fig. 7.
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The low temperature 3He distribution in this mixture is expected to
consist of isolated pockets of pure 3He confined to the largest voids in the
aerogel sample, together with the % 8% 3He dissolved in the 4He rich
phase at this pressure.24 A 4He fraction of 89% leaves approximately 4% of
the open volume in the aerogel filled with pure 3He. This 4% pure 3He is
close to the offset between the phase separation curve for 3He–4He mix-
tures in aerogel and the low temperature equilibrium 3He fraction shown in
Fig. 7. As the mixture is warmed, the trace parallels the phase separation
curve, at least for temperatures below 400 mK. The feature at 450 mK is
the result of allowing the sample to cool briefly before resuming the
heating. The distribution of the 4He rich phase shows negligible hysteresis
during this thermal loop, as expected in an annealed sample.
We can draw some conclusions about the distribution of the mixture

inside the aerogel based on the proximity of the phase separation curve to
the trace of temperature versus 3He fraction for this sample. It must be the
case that at low temperatures, additional 3He is added to the mixture only
through the increased solubility of 3He in the 4He rich phase at higher
temperatures. That is, the boundaries of the regions of 3He-rich mixture are
largely unchanged as the sample is warmed, and there are no additional
bubbles of 3He-rich mixture formed. This is consistent with previously
proposed models for the distribution of the 3He and 4He rich phases for
helium mixtures in porous gold which suppose that as x3 is reduced, the
radius of curvature of the pure 3He bubbles remain unchanged, but the
fractional volume occupied by these bubbles is reduced.
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7. CONCLUSIONS

An investigation on the distribution of 3He–4He mixtures in aerogel
connected to a silver sinter leads to a fuller understanding of binary fluids
in porous media. In particular, the silver sinter acts as a reservoir allowing
the 4He fraction of the mixture in the aerogel to evolve with temperature.
This allows observations on the temperature dependence of the equilibrium
4He concentration in aerogel, and well as enables the opportunity to study
the metastable distributions formed when a 3He–4He mixture is quench
condensed into the cell at low temperatures. Although the strong history
dependence and complicated distribution of the 4He rich phase in the
aerogel make a detailed investigation of the dynamics of 3He–4He mixtures
in aerogel and sinter intractable, our observations on the evolution of x4
with temperature agree with the model proposed for understanding the
distribution of 3He–4He mixtures in aerogel.10 Specifically, we find that the
onset of hysteretic behavior on warming and cooling the sample coincides
with the onset of the development of macroscopic filled voids of 4He rich
phase in the aerogel. Also on the 4He rich side of the phase diagram, the
3He rich phase is confined in isolated bubbles which do not coalesce into
larger 3He filled regions until close to the phase separation temperature.
We believe that further investigations of binary mixtures in a bi-porous
system will reveal new behavior that will aid in understanding the spatial
distribution of these mixtures confined to a single porous medium.
This research was supported by a grant from the National Science

Foundation DMR-9970817.
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