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Torsional oscillator measurements show that the phase diagram of3He-4He mixtures in porous gold is
fundamentally different from that of bulk mixtures but similar to that found for mixtures in 98% por
silica aerogel. The similarities found in the mixture phase diagram and in the vapor pressure isot
in these two media clarify our understanding of the nature of the ordering and the phase transiti
these systems. [S0031-9007(98)08041-7]

PACS numbers: 67.60.–g, 64.70.Fx, 64.70.Ja, 67.40.Kh
-

a
c-

of
ut
s.
by

le
of

it
e

s
n

s

It was shown in superfluid decoupling and heat capa
ity experiments [1,2] that inside aerogel of 98% porosit
the 3He-4He mixture phase diagram is completely altere
from that of the bulk mixture. As shown in Fig. 1, the
well known tricritical point is suppressed, and at high3He
concentrationX3  n3ysn3 1 n4d the phase separation
and superfluid transition lines are detached from ea
other. Heren3 and n4 are the numbers of3He and4He
atoms, respectively. The phase diagram of mixture
aerogel of 95% [3] and 99.5% [4] porosity was foun
to be topologically the same as that of 98% aerogel.
87% aerogel, however, it is distinctly different. Thre
separate experiments using different techniques fou
only a single superfluid transition phase boundary
high X3 and the phase boundary originating from low
X3 and low T appears to fade away at intermediateX3
without attaching to the superfluid transition boundar
[5–7]. Recent theoretical [8–10] and experimenta
[3,7,11] efforts have shed substantial understanding
the mixture in aerogel systems. However, there is as y
no clear microscopic picture of the coexisting phases
the lighter aerogel, and there is no satisfactory explanati
of the findings in 87% aerogel.

We have conducted torsional oscillator measuremen
of helium mixtures in a new medium, porous gold [12]
which has a simpler pore geometry than aerogel. In sp
of the difference in the pore structure and in the porosi
of these two media, we find a phase diagram, also sho
in Fig. 1, nearly identical to that in 98% aerogel.

Porous gold is made by selectively leaching silver o
of a silver-gold alloy of 70 at. % silver, resulting in a 70%
porous structure. Scanning electron micrographs (SE
show that the substrate consists of interconnected g
strands with a uniform separation between neighborin
strands. The diameter of the gold strands, and the ch
acteristic size of the pore structure, can be increased
annealing the sample at a moderate (i.e., well below me
ing) temperature. The specific surface area of the poro
gold sample used in this experiment was determined
methane vapor pressure isotherm (77 K) to be2.14 m2yg.
Modeling the gold strands as uniform cylinders we find a
average strand diameter of 61 nm. Digital image anal
sis of the SEMs shows a strand and pore size distributi
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where the width of the distribution at half height is ap
proximately 15% of the pore diameter [12]. Small angle
neutron scattering measurement [13] indeed shows
dominant or characteristic length scale in the pore stru
ture of porous gold.

There is no characteristic length in the pore structure
aerogel. Silica aerogel consists of silica strands of abo
5 nm in diameter that are interconnected at random site
The distance between neighboring strands, as deduced
transmission electron micrography [14] and small-ang
x-ray scattering measurements, spans a range
1–100 nm for aerogel of 98.5% porosity [4]. This range
is porosity dependent [15]; for aerogel of about 88%
porosity it is 1–20 nm. If we use this information to esti-
mate a “pore size” for aerogel, the structure would exhib
a hierarchy of different pore sizes with a maximum por
size that is porosity dependent.

The torsional oscillator used in this study is the same a
the one used in recent studies of the superfluid transitio
of filled pore 4He and4He films [16]. It has a resonant

FIG. 1. Phase diagrams of bulk3He-4He mixtures (solid
lines), mixture in 98% aerogel (open circles), and in porou
gold (filled circles).
© 1998 The American Physical Society 121
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frequency of 578 Hz with a mechanicalQ of 6 3 105 at
1 K. The geometric volume of the porous gold samp
is 0.04 cm3 (0.028 cm3 pore volume) and the torsion bob
contains less than 1% bulk space. The resolution of t
oscillator is about6 3 1026 gycm3. It is driven with a
constant amplitude ac voltage so that the amplitude
oscillation is inversely proportional to the dissipation i
the system.

Starting with pure3He, the concentration is change
by progressively replacing3He with 4He while ensuring
that that the sample cell remained completely full. Th
is possible because of the much higher vapor press
of 3He. Cross calibration showed thatX3 is accurate to
60.25%. The torsional oscillator was mounted to a3He
refrigerator with a base temperature of 350 mK.

In Fig. 2, the decrease in period of the oscillator due
superfluid decoupling,2DP, of 14 different mixtures is
shown as a function of temperature. Mixtures withX3 $

0.82 show a single signature, namely, a sharp decrea
in the period corresponding to the superfluid transitio
at Tc. For concentrationsX3 , 0.82, the superfluid
decoupling shows hysteretic behavior; i.e., the val
of 2DP depends on whether data were taken up
warming or cooling, at temperatures well belowTc. In

FIG. 2. The period change2DP of the oscillator versusT
for 14 different mixtures. X3 of these mixtures in the main
figure, in increasing order ofTc, are 0.800, 0.740, 0.700, 0.660
0.620, 0.600, 0.579, 0.550, 0.521, 0.480, and 0.420. For clar
data forX3  0.950, 0.900, 0.868, 0.800, 0.740, and 0.700 ar
shown in the inset.2DP shows history dependent behavior a
low temperature only forX3 , 0.82. The arrows on two of the
mixtures indicate data taken while warming or cooling.
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Fig. 3, the amplitude of the oscillator as a function o
temperature is shown for eight different mixtures. Th
smooth curve found forX3  0.82 is characteristic of
data for X3 $ 0.82. For X3 # 0.80, sharp drops in the
amplitude are found upon cooling through a specifi
temperatureTa. This temperature coincides with the
onset of hysteretic behavior inDP for mixtures with
0.62 , X3 , 0.80. For X3 , 0.62, onset of hysteresis in
DP is found to commence belowTa by 50 to 100 mK.
Following Refs. [1,3], we interpret the sharp decrease
the amplitude as a signature of the phase separation
the system. This decrease in amplitude (i.e., increa
in dissipation) is likely related to the sudden increase i
interfaces related to phase separation. The phase diagr
shown in Fig. 1 is the compilation ofTc and Ta for
mixtures of 22 differentX3.

We propose below a microscopic model of the differen
phases depicted in Fig. 1 for porous gold and show ho
this model is also applicable to mixtures in aerogel. Th
initial 1%–2% of 4He added to the3He is preferentially
adsorbed on the surface as a bound solid layer. Wi
increasing4He, a 4He-rich superfluid film develops on
the gold surface while the interior of the pore is filled
with nearly pure3He. AsX3 decreases, the4He-rich film
thickens causing an increase in superfluid decoupling a
in the transition temperatureTc. If we assume that the
concentration of3He in the superfluid film is bulklike
(i.e., 6.4% 3He at T  0) and the 3He-rich interior is
completely free of4He, then the thickness of the4He-
rich film in the T  0 limit is approximately 4.5 nm at
the coexistence boundary (X3 ø 0.85). We refer to this
configuration, where the entire surface is covered by
4He-rich film, as the film phase.

FIG. 3. The amplitudes of the torsional oscillator (with
constant drive voltage) in arbitrary units vsT for eight different
mixtures. Except forX3  0.82, the amplitudes show a drop
upon cooling through a specific temperatureTa, the temperature
of phase separation.Ta are marked by arrows.
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Further addition of4He does not cause film thickening
but causes filling of some pores with the same4He-rich
solution which comprises the superfluid film. This sta
we refer to as the “filled” phase. Thus, the coexisten
region consists of a phase containing a4He-rich film
on the substrate, with the interior of the pore fille
with a 3He “bubble,” and a phase in which the4He-
rich solution fills the pore, bridging the gap betwee
neighboring gold strands. This is analogous to capilla
condensation in a liquid-vapor system with the3He-
rich phase corresponding to the vapor phase. AsX3
is reduced, the radius of curvature of the3He bubbles
remains unchanged, but the portion of the interior regi
occupied by these bubbles is reduced, giving way to t
filled pore phase. When the film phase is complete
replaced by the filled pore phase, the system emer
from the coexistence region into the miscible4He-rich
superfluid region of the phase diagram.

As shown in Fig. 1, the coexistence region of the fil
and filled phase is found to extend to higher temperatu
at intermediate concentrations, terminating at a3He-4He
critical point. The shape of the coexistence bounda
resembles that of the bulk, i.e., mixture free of poro
medium, liquid-vapor, and binary fluid systems. In th
miscible phase, outside of the coexistence region,
concentration gradient exists as a function of distan
from the gold strands but does so without any sha
boundary [4].

The coexistence of an adsorbed liquid film with cap
lary condensed (filled) pores in porous gold is also se
in a vapor pressure adsorption isotherm study perform
at 2.18 K (Fig. 4a). This isotherm was carried out on th
sample used in this study before the pores were enlar
by annealing [16]. The characteristic pore size was ab
30% smaller at that time. For small amounts of adsorb
helium a film forms on the surface throughout the samp
After the first 2–3 monolayers the equilibrium vapor pre
sure increases rapidly with continued adsorption. Wh
the vapor pressure reachesPyP0  0.982 (P0 is the satu-
rated vapor pressure), adsorbing more helium does not
crease the film thickness uniformly. Instead, the surfa
tension causes capillary condensation in some regions
the sample, filling the space between neighboring go
strands completely with liquid helium. The entire con
densation event occurs over a vapor pressure range of
than two parts in103. Since vapor pressure determine
the chemical potential, the constancy inP supports our
interpretation that the capillary condensation event sho
here corresponds to the coexistence of a film phase w
vapor bubbles of a constant radius of curvature and
filled pore phase. This finding in the liquid-vapor syste
suggests that in the mixture system the radius of curvat
of 3He bubbles in the film phase at a fixed temperatu
also remains constant throughout the coexistence reg
Liu et al. [17] performed a simulation of binary fluid mix-
tures in a cylindrical pore and observed the same beh
,
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FIG. 4. 4He vapor pressure isotherm near the saturated va
pressureP0 of 4He in porous gold atT  2.18 K (a), in 98%
aerogel at 2.34 K (b), and in 87% aerogel at 2.42 K (c). Th
vertical scale shows amount of helium adsorbed per cm3 of
pore volume. Filled and open symbols show data taken dur
filling and draining processes of the isotherm, respectively.

ior. The coexistence region described above correspo
to the “capsule” phase of Ref. [17].

A very sharp capillary condensation event, as shown
Fig. 4b, is also seen in the adsorption of4He in 98% aero-
gel. This is unexpected, considering the complicated po
structure of aerogel. It appears that capillary conden
tion occurs in two regimes in this case. In the low cove
age regime, capillary condensation occurs in the small
crevices defined by neighboring silica strands which ha
the greatest tendency to fill. As pressure and4He cover-
age is increased, progressively larger crevices are fill
This is a regime of “gradual” capillary condensation. W
speculate that in light aerogels of porosities larger th
95%, this process continues until all of the small structu
is covered, leaving a liquid-vapor interface with a we
defined and uniform concave radius of curvature throug
out the sample. The curvature is determined by the v
por pressure and the largest separation between stra
in a given sample. Further adsorption reduces this
dius of curvature until it reaches the stability limit and th
isotherm ends with a “major” capillary condensation eve
at PyP0  0.990. As in the case of porous gold, the ex
tremely narrow vapor pressure range of the event (le
than one part in103 in this case) supports the interpreta
tion that the condensation corresponds to the coexiste
of the film and filled phases.

In the case of3He-4He mixtures, gradual capillary
condensation of4He rich solution into the small crevices
of 98% aerogel takes place asX3 is reduced from 1
to about 0.85, the coexistence boundary atT  0. The
coexistence region corresponds to the major capilla
condensation event, where the film phase with3He
bubbles of a constant radius of curvature (defined by t
largest separation between the silica strands) is repla
by the filled (with 4He solution) phase asX3 is reduced
123
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from 0.85 to about 0.065. Since the largest separati
between the silica strands in 98% aerogel, about 100 n
is comparable to the characteristic pore size in poro
gold, the similarity in the diagram of the two systems i
not surprising.

The vapor pressure isotherm in 87% aerogel, shown
Fig. 4c, on the other hand, does not show a major cap
lary condensation event. When 87% aerogel is partia
filled, all of the crevices surrounded by neighboring silic
strands smaller than a given size are filled with liquid he
lium, while the larger crevices have vapor bubbles. Sin
the largest separation between silica strands is only on
order of 20 nm the process of gradual capillary conde
sation continues until the aerogel is completely filled wit
liquid 4He without entering into a well defined film phase
as in 98% aerogel. As a consequence, there is no t
phase coexistence or major capillary condensation even

The absence of a two phase coexistence in the liqu
vapor system makes plausible the absence of the co
istence of film and filled-pore phases of the mixture i
87% aerogel. AsX3 is reduced from 1, the silica sur-
face is first coated with a solid layer of pure or nearl
pure 4He. Continued decrease inX3 thickens the4He-
rich film and induces capillary condensation of4He-rich
solution between the silica strands, progressing into spa
of increasing separation. This process leads to a s
tem that supports superfluidity at progressively high
temperatures. The single phase boundary found in 87
aerogel at highX3 is indeed consistent with a superfluid
transition and not related to phase separation [5–7]. Th
boundary also connects smoothly to the superfluid tran
tion boundary at lowX3 [5–7]. These findings are not
consistent with the interpretation of a bulklike phase dia
gram with a tricritical point for3He-4He mixtures in 87%
aerogel [7]. Since the3He-rich solution must be accom-
modated inside the aerogel sample,3He-rich bubbles are
found even in mixtures of lowX3. (This is in contrast to
the liquid-vapor system.) The bubbles finally disappe
when the mixture is completely miscible. This disappea
ance of the3He bubbles is marked by the phase bounda
seen at lowX3 and lowT [5–7]. The phase diagram of
mixtures in 87% aerogel (in contrast to that in 98% aer
gel and porous gold) indicate that finite solubility of3He
in 4He at lowT is a necessary but not sufficient condition
for film-filled phase coexistence.

In summary, torsional oscillator measurements
3He-4He mixtures in porous gold show that the phas
diagram is very similar to that of mixtures in 98%
aerogel. With the aid of vapor-pressure isotherm resul
we arrive at a model where the coexisting phases a
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a 4He-rich film phase enclosing3He-rich bubbles of a
constant radius of curvature that depends onT , but not
on X3, and a filled phase where the pore space betwe
the strands is capillary condensed with4He-rich solution.
While our model of the ordering of helium mixtures in
aerogel and in porous gold seems reasonable and c
sistent with available thermodynamic information, direc
structural confirmation via, for example, small-angl
x-ray scattering studies of the system is clearly desirabl
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