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Tricritical Point and Superfluid Transition in 3He-*He Mixtures in Silica Aerogel
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We have ultrasonically studietHe-*He mixtures in 87% porosity aerogel. We find only a single
transition for*He-rich mixtures, in contrast to the detached phase separation curve seen in 98% porosity
aerogel. However, it is a continuous transition, much like the superfluid transition séie films on
aerogels, rather than a first-order phase separation as seen in bulk mixtures. A kink occurs in the lambda
line of the phase diagram at’ale concentration (corrected for thele inert layer) ofX. = 0.51 and is
accompanied by a change in the coupling to the superfluid component, indicating two distinct superfluid
morphologies. [S0031-9007(98)06380-7]

PACS numbers: 67.60.—g, 64.60.Fr, 64.70.Ja, 67.70.+n

Phase transitions can be drastically changed by confinemresolved. One is the nature of the phase transitions
ment in small pores and by disorder introduced by a porous the high density aerogel. At loiHe concentrations
matrix. Silica aerogels, with their tenuous structure andghase separation occurs well below the superfluid tran-
variable density, and helium, with its rich low temperaturesition, which presumably takes place in a nearly ho-
phase diagram, are particularly interesting for such studiesnogeneous mixture. Is the single transition at higla
When measurements on pufide [1,2] were extended to first-order phase separation, as in bulk, or does the disor-
3He-*He mixtures [3,4], the presence of 2% or 0.5% sil-der introduced by the aerogel convert it to a second-order
ica (i.e., aerogels with porosity of 98% or 99.5%) had transition, as suggested theoretically? If thie is essen-
even more dramatic effects. In bulk mixtures the lambddially all concentrated on the aerogel strands, the transition
line terminates at a tricritical point (dtHHe concentration should resemble that in putile films on aerogels. Know-

X = 0.67) but in aerogels it continues to low tempera-ing how the*He is distributed is also important in under-
tures and highX, so superfluidity extends to diluttHe  standing the phase separation itself. At low temperatures,
mixtures. Since other experiments [5] have observed suwhere the interface is relatively sharp, the interfacial ten-
perfluidity in pure’He in aerogels (at mK temperatures), sion o34 may drive a capillary condensation phase sepa-
there is a unique possibility of observing coexisting su-ration. At higher temperatures, however, the interface is
perfluids. Also, separate superfluid and phase separatiort as well defined. Near a critical or tricritical point the
transitions were seen for both high and levmixtures; interface’s free energy disappears and its width diverges,
i.e., the phase separation curve was detached. Theoresio such a description is not applicable. This region is par-
cal work [6,7] has shown that these features of the mixturéicularly interesting since low and high porosity aerogels
phase diagram in aerogels can be qualitatively reproducdaehave differently. In 98% and 99.5% aerogels the phase
by introducing highly connected quenched disorder intcseparation curve detaches from the lambda line, and the
the Blume-Emery-Griffiths model [8]. tricritical point appears to be replaced by a conventional

However, when we made preliminary ultrasonic mea-ritical point. In the 87% porosity aerogel, the single tran-
surements [9] on a dens&p = 87%) aerogel, we found sition at high’*He concentrations suggests a more bulklike
an apparently bulklike phase diagram, with a single transiphase diagram. However, the experimental signature of
tion at high®He concentrations. This has since been conphase separation disappears [10] as the phase separation
firmed in torsional oscillator [10] and heat capacity [11] line approaches the lambda line, so the expected tricritical
measurements. A very recent measurement [12] for apoint has not been observed.
intermediate porosity (95%) found superfluid and phase In this paper, we present results of an ultrasonic study
separation transitions which were very close together af *He-*He mixtures confined in an 87% porosity aero-
high X, but still distinct. The smaller effects of dense gel, with particular emphasis on the tricritical region. In
aerogels can be qualitatively understood if, because ofHe-rich mixtures, we see only a single transition, but,
its lower zero point energytHe concentrates near the in contrast to bulk mixtures, it is a continuous transition.
aerogel strands. As the temperature is lowetets will  The lambda line extends to low temperatures, but changes
“condense” onto the strands, and thee-rich layer will  slope abruptly at an intermediate concentration, suggest-
gradually thicken and become superfluid. Eventually, iting the phase separation line meets it at this point. The
will be thick enough to “capillary condense” (Phase sepasuperfluid transition’s qualitative features (continuous dis-
rate into*He-rich domains). This should occur sooner inappearance o, critical attenuation peak) do not change
the smaller pores of high density aerogels. through the tricritical region. However, the amount of

Despite the progress made in understanding heliursuperfluid that decouples (measured either at low tem-
mixtures in aerogels, a number of important points argerature or nedr,) changes suddenly at the concentration

0031-900798/80(25)/5591(4)$15.00 © 1998 The American Physical Society 5591



VOLUME 80, NUMBER 25 PHYSICAL REVIEW LETTERS 22 UNE 1998

of the kink in the lambda line. This is the first measure- Fx ' ‘ ' '

ment to see sudden changes in the properties of mixtures [ 006~

in an aerogel at an apparent tricritical point. Sr 2 11 MHz
Ultrasonic measurements are well suited to probe the : \ longitudinal

mixture-aerogel system [9]. The system’s effective den-
sity p decreases if the helium becomes superfluid and
decouples from the silica matrix. The resulting sound
velocity increase (analogous to the period shift in a tor-
sional oscillator) is proportional to the superfluid density
ps. The attenuation provides additional information, and
previous measurements have shown that the onset of su-
perfluidity in *He confined in porous glasses is accompa-
nied by a critical peak in the attenuation.

The 87% porosity aerogel used in these measurements
was from the same material used in the torsional oscillator
measurements of Yoort al.[10]. A 2.9 mm thick
sample was cut, and0 MHz LiNbO; transducers were
epoxied to the parallel faces. The aerogel-transducer
assembly was encapsulated in epoxy to minimize the bulk|G. 1. Ultrasonic velocities (11 MHz, longitudinal) in aero-
helium present. A 0.25 mm inner diameter capillary wasgel containing*He-*He mixtures. *He concentrationsX =
inserted to fill the sample, and the assembly was seale#/(ns + n4), range from 0.06 to 0.69.
into a copper cell attached to a dilution refrigerator with
helium exchange gas to ensure thermal contact. ThbBysteresis over the same concentration and temperature
sample’s surfaceg(1.39 m?>/g) was determined from a ranges.
nitrogen adsorption isotherm. Ultrasonic measurements The behavior is quite different at the superfluid transi-
were made for both transverse and longitudinal waves dton. There is a critical attenuation peak centered gt
frequencies around 10 MHz. as expected for a continuous transition, and neither the ve-

Initially, pure *“He was admitted to the aerogel until locity nor attenuation shows hysteresis. Xsncreases,

a superfluid transition was seen in the adsorbed filnT, decreases continuously (to below 0.5 K for> 0.69)

(at around 250 mK) for a coverage 6#.5 umol/m?.  and the associated velocity increase becomes smaller (i.e.,
Enough®He was then added to saturate the remaining, decreases with the amount tfle present). For mix-
pore space, giving an initidHe concentratio’X ~ 0.81.  tures withX =~ 0.8, there is no sign of either superfluid-
Subsequent mixtures were prepared by removing vapaty or phase separation down to the lowest temperature,
(primarily *He, because of its higher vapor pressure) aD.25 K. Figure 2 is the phase diagram from our measure-
1 K and replacing it witi*He (taking care not to overfill ments, showing’, and Tps for a large number of mix-

the sample). tures. To compare to the bulk phase diagram (solid lines),

Figure 1 shows representative velocity data (11 MHzwe subtract an “inert layer” ofHe tightly bound to the
longitudinal) for mixtures withX between 0.69 and 0.06. aerogel which does not participate in either superfluidity
Starting with the dilute‘He-rich) mixtureX = 0.06, we  or phase separation. For ptiee films, we found an inert
see a superfluid transition @&, = 1.98 K, marked by a layer coverage 080.7 wmol/m?, and in the mixtures we
sudden increase in velocity as the superfluid decouplegstimate it a37 wmol/m? [13]. Using the “corrected”

As in bulk mixtures at this concentration, there is noconcentrationsX., the superfluid transitions are shown as
phase separation. In the next mixtuse,= 0.12, T, is  open circles and phase separations as open squares. The
lower, and there is a second transition, which we idensolid symbols are for the uncorrected concentrati¥ns

tify as phase separation, Bys = 0.5 K. Hysteresis also This phase diagram agrees with that deduced from tor-
appears once the mixture phase separates, and we fousidnal oscillator [10] and heat capacity [11] measurements
that it begins slightly (about 50 mK) below the kink in in aerogels of the same density. It resembles that of bulk
the velocity curve which we identify aBps. Hysteresis mixtures in that there are two transitiorig, (and Tps) at

is presumably the result of the interface between sepdew X but only a single transition at higk (in contrast to
rated phases being pinned in different configurations anthe situation in higher porosity aerogel [3,4,12]). For low
provides strong evidence that this is a first-order transiX, superfluidity begins in an unseparated mixture. The
tion. It first appears foX =~ 0.18 and is most obvious in phase separation at lower temperature requires nucleation
the X = 0.27 data. At higher concentrationX, = 0.35, of a normaPHe-rich phase within théHe-rich superfluid;

it disappears again, although the phase separation is stithiis should occur near the pore centers where *tHe
obvious. AsX increases further, phase separation beconcentration is highest. During further cooling thée-
comes less distinct and cannot be seen at allXor  rich phase will grow until the interface between phases
0.42. The attenuation also has a kink Bis and shows reaches the aerogel strands, at which point we expect it to
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FIG. 3. Critical behavior of superfluid density (velocities,
solid circles) and dissipation (attenuation, open circles).
(@) *He-rich mixtureX = 0.69; (b) *He film.
be randomly pinned, producing the hysteresis seen in the
ultrasonic and torsional oscillator [3] data. Very recent
measurements [14] indicate that the pinned interface caa continuous lambda line. It has proved difficult to
result in different metastable configurations. verity the existence of an actual tricritical point because
The nature of the single transition fkle-rich mixtures the signatures of phase separation in torsional oscillator
in our aerogel is quite different from that in bulk mixtures and ultrasonic measurements disappear before the curves
where a first-order phase separation produces a minoritjmeet. However, since the superfluid transitions remain
superfluid phase and a normile-rich phase. In bulk, sharp at all concentrations, a tricritical point may appear
the nucleatedHe-rich phase shows no critical behavior asas a change in the slope of the lambda line.
it is well below its lambda temperature. If the transition in  Figure 4(a) is a blowup of the lambda line between
our aerogel is similar, we would expegf to vary as the X. = 0.40 and 0.65. Although the qualitative features
fraction of the mixture in théHe-rich phase (i.e., linearly) of the superfluid transition do not change through this
and no critical attenuation peak. However, féte-rich  concentration region, the kink in Fig. 4(a) may mark a
mixtures in the 87% porosity aerogel we find continuouscrossover between different mixture morphologies. This
transitions. The data fof = 0.69 are shown in Fig. 3(a). interpretation is supported by the behavior of the velocity.
The superfluid density is not linear in temperature neaifhe open symbols in Fig. 4(b) are the velocity changes
T,, there is no hysteresis, and, most conclusively, therbetweenT, and 0.25 K Av/v,., a measure of the total
is a critical attenuation peak centeredZat Figure 3(b) amount of superfluid that decouples at low temperature).
shows analogous data for a putide film on the same Although Av /v, varies continuously with concentration,
sample. The striking similarities support the idea that, forthere is an abrupt change in slopeXt= 0.51, where
3He-rich mixtures, superfluidity occurs in a filmlikide  the kink appears in the lambda line. For comparison, we
layer concentrated near the aerogel strands. The criticahow the corresponding data for putele films in the
behavior of*He films in aerogels has been thoroughly same aerogel sample (solid symbols). The filling fraction
studied in torsional oscillator measurements [15]. for the films is plotted as an equivalent “concentration,”
Given the different nature of the transitions at low andagain corrected for the inert layer. The decoupling for
high X and the contrast with bulkHe rich mixtures, thick films is similar to that irfHe-rich mixtures (i.e., at
it is natural to ask how the crossover occursXds low X.) but varies smoothly through the tricritical region
varied. In bulk mixtures, the lambda line meets the twowhere the mixtures show a kink. The film decoupling
branches of the first-order phase separation curve at leas a kink at higheX, = 0.75, which corresponds to
tricritical point (the lines meet linearly, with different the onset of capillary condensation in the films (as seen
slopes). Since we see only a single transition at higlin “He adsorption isotherms). The kink &t = 0.51
X, we might also expect a modified tricritical point; it in the mixtures may indicate a similar change in the
would be a single first-order phase separation line meetinmicroscopic distribution of théHe at low temperature,
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P in aerogel. We have observed a kink in the lambda line
%o (@) atX. = 0.51 and, at the same concentration, a change in
the velocity increase due to decoupling of the superfluid

~
w
w
O

¥ component. The fraction gb, that decouples depends

S 15} on the distribution of*He within the pores, and the

§ I crossover seen in the low temperature data may reflect
Sl the different tortuosities of homogeneous and localized
S “He arrangements. The disappearance of phase separation

coincident with the kink in the lambda line is suggestive of
a tricritical point. It occurs at 1.18 K, significantly higher
than the bulk tricritical temperature (0.87 K) and also
above an extrapolation of the first-order phase separation
line in Fig. 2, but this may simply reflect uncertainty in
picking Tps from the data. Close to a true tricritical point
the interface thickness will increase and eventually exceed
the strand and pore sizes, but the nature of any ftricritical
point must still be affected by the disorder and preferential
adsorption of‘He introduced by an aerogel.
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