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The observed features of attenuation of ultrasound in Im—He samples created after introduction of

impurity particles (D2 N, , Ne, Kr) in a volume of helium IT show that a porous substance consisting of

a loosely interconnected continuous network is created. It is formed by impurity particles encapsulated

in solidified helium. The propagation of ordinary sound in these porous samples is similar to the fast

sound mode in light aerogels. The temperature dependence of attenuation for different Im—He samples is

investigated. It is established that the character of attenuation in D,~He samples is considerably

different from that in heavier Im—He solids (Im = N, , Ne, Kr). Analysis of attenuation lets us conclude

that Im—He samples have a wide distribution of pores from 8 nm to 800 nm. The study of ultrasound in

helium in Im—He samples near the A-point shows the presence of broadening in the attenuation peak as

compared with bulk liquid helium. The suppression of T is very small, <0.2 mK.

PACS: 67.40.Yv, 67.40.Mj

1. Introduction

The investigation of neutral atoms and clusters
in liquid and solid helium is a rapidly developing
research field [1-4]. Much progress has been
achieved in studies of the spectral characteristics of
single atoms or molecules trapped in matrices of
solid helium or dissolved in liquid helium, from
which information about the structure of the helium
surrounding these impurities was found.

The impurities can be divided into two classes
according to the sign of chemical potential inside
the helium matrix. Particles with a positive poten-
tial tend to form bubbles, while atoms with a
negative potential create snowballs. In the latter
case, after introducing the impurity particles into
liquid helium, we can produce stable impurity—he-
lium (Im—He) clusters, which make it possible to
create macroscopic Im—He samples consisting of
impurity atoms isolated in liquid or solid helium. At
first these systems were obtained by injecting atoms
and molecules such as nitrogen, deuterium, neon
and krypton [5-7] into superfluid helium. These
metastable systems are of fundamental interest. For
example, there is the possibility of observing collec-
tive effects caused by the interaction of stabilized
impurity particles in helium and also the opportu-
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nity to create new materials with high energy den-
sity stored in them [8]. A very high relative concen-
tration of nitrogen atoms in the solidified helium
(N :He = 4%) has already been achieved by inject-
ing the products of a nitrogen-helium discharge into
a volume of superfluid helium [6,9]. For this case,
the density of the chemical energy stored in these
samples (150003 J /gm) is close to that of the best
chemical explosive materials. Another interesting
aspect of Im—He systems is the possibility of chemi-
cal reactions in a solid matrix when the state of the
low-temperature matrix is mostly determined by
zero-point motion [10—12]. Investigations of atoms
and molecules of hydrogen isotopes stabilized in
superfluid helium have revealed tunneling reactions
resulting in the exchange of hydrogen and deute-
rium atoms between the atomic state and the bound
molecular state [5].

Investigations of macroscopic solid samples
formed by injecting impurities into superfluid he-
lium have opened the possibility for the creation of
metastable solid phases built from coalescing clus-
ters of solid helium surrounding the impurity parti-
cles. Later it was shown that the centers of the
these clusters might consist of either single impurity
particles or small clusters of impurities [13,14]. At
the same time the structure of these Im—He solids is
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not fully determined. Recently x-ray spectroscopy
showed that the impurities (surrounded by a few
layers of solid helium) formed porous structures in
superfluid helium [15]. The characteristic size of
the constituent building blocks of this porous mate-
rial is 6 nm. The density of impurity particles can
be as high as 10?° atoms/cm?® (with a volume
fraction [10.5%).

We briefly summarize the present state of know-
ledge regarding the Im—He solids. The preponde-
rance of evidence suggests that macroscopic samples
of the Im—He solid phase are built from aggrega-
tions of small Im—He clusters. Furthermore, we
believe that these aggregates form extremely porous
solids into which liquid helium can easily penetrate.
They consist of a loosely connected continuous
network of impurities or clusters of impurities each
of which is surrounded by one or two layers of
solidified helium. Therefore we have a unique op-
portunity to investigate the properties of superfluid
helium in porous structures formed by particles
with a well known potential of interaction with
helium.

A great deal of effort has recently been dedicated
to the investigation of superfluid helium in porous
materials. We cite here a recent review article
describing the specific features of helium in various
porous structures [16]. The importance of these stu-
dies is now discussed. Superfluidity of helium in
restricted geometries has been the object of much
theoretical and experimental interest in recent
years. Helium has long provided a testing ground
for theories of phase transitions. Bulk helium exhi-
bits three-dimensional (3D) critical behavior near
lambda transitions, while helium films on flat sub-
strates are 2D with a vortex-inhibiting transition of
the Kosterlitz—Thouless type [17]. When helium is
adsorbed in a porous medium either as a film or
completely filling the pores, its behavior may be
changed in a number of ways. Finite size effects
might shift or even smear out the phase transition,
the multiply-connected substrate geometry may
change the effective dimensionality, or disorder
induced by the porous material may change the
nature of the transition. The superfluid density, pg
vanishes near the lambda-point according to the
power law:

p(t) = py, I, S

where ¢ is a reduced temperature (¢t = (T - T)/T,)
with transition temperature T, . The superfluid den-
sity exponent { is found to be 0.6705 for bulk
helium [18], for helium in Vycor glass [19] and for
helium in porous gold [20]. For a particular aerogel
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it is significantly larger — 0.81 [19]. For different
porosity aerogels it changes from 0.71 to 0.81 [21].
At the same time the superfluid transition tempera-
ture is suppressed down to 1.955 K in Vycor. For
porous gold (which contains larger pores) T, =
=2.1691 + 5007 K, and for different porosity aero-
gels the suppression is very small: T, =2.16985
+3007° ( in 95% aerogel), T, =2.1717 + 10107
(in 99.5% aerogel) [21]. In the light of these pre-
vious studies, the problem of investigating the criti-
cal behavior of helium near the lambda point in the
new class of porous material discussed here arises
quite naturally. There are experimental difficulties
in combining the method of preparing impurity-he-
lium solids with precise heat capacity or torsional
oscillator techniques. On the other hand, ultrasonic
velocity and attenuation measurements [22,23] can
be easily applied to investigate superfluid helium in
Im—He solids. The sound velocity in porous media
can provide information about the superfluid den-
sity as well as the density and elastic properties of
the solid matrix. The sound attenuation reflects the
dissipation in the system, and its frequency depen-
dence is related to the characteristic pore size [24].
Also, if the sound speed in a <«dry» sample (a
sample with liquid helium removed) could be mea-
sured, we could then determine the effective density
of the Im—He solid. This turns to be extremely
difficult and has not as yet been accomplished.

The motion of a fluid in a porous medium during
acoustic measurements depends on the pore size and
the fluid’s properties. In liquid “He the viscous
penetration depth is

5, =(n/wp)?, @

where 1 is the viscosity of *He, p, is the density of
the normal component and w is the frequency of
ultrasound. At low sound frequencies, &, . is bigger
than the pore size so the entire normal component is
viscously locked to the solid matrix. Therefore the
main effect of the fluid is to change the effective
density of the porous medium. At high frequencies,
only a thin surface layer is dragged along with the
solid. The effective density of the porous material
then is much smaller and the sound is strongly
attenuated by the viscous losses in the surface layer.
To use sound for probing the structure of porous
material, one should vary & . . over as large a range
as possible. Superfluid helium gives us this unique
opportunity. Between 1.0 to 2.17 K the normal
fluid density fraction varies from zero to one, caus-
ing §,, . to change by an order of magnitude from
1500 nm to 100 nm for 5 MHz sound. Biot created
a basic theoretical framework for sound propagation
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in porous materials [25,26]. He considered the flow
of the viscous fluid under an oscillatory pressure
gradient in elastic porous solids. In the low fre-
quency regime his theory predicted that attenuation
changes as [24]

a 0plw’/m . (3)

For high frequency sound, the corresponding at-
tenuation is
0 0Vip . @
In this paper we report results of ultrasound
measurements of velocity and attenuation of longi-
tudinal waves in helium filled porous Im—He solids.
Some of the results have been published in our
previous paper [27]. It was found that the speed of
sound in this material is close to and decreases more
rapidly with temperature than first sound in bulk
liquid helium, similar to behavior observed in aero-
gel [28]. There was no clear explanation, however,
to the way the attenuation of ultrasound changes
with temperature in helium filled Im—He solids.
Here we present the results of more detailed inves-
tigations of the speed and attenuation of sound,
particularly near the lambda-point. One goal of this
work was to check a possible T, suppression. We
also performed the measurements at different fre-
quencies (1, 3, 5 MHz) to help us to understand the
mechanism of attenuation. Moreover we investi-
gated the stability of different Im—He samples be-
tween 1 and 4.2 K.

2. Experimental method

2.1. Preparation of porous impurity—helium solids

The technique for creating impurity—helium so-
lids in a volume of He II was similar to that
developed by the Chernogolovka group [6,29]. A
gas jet of helium containing a small fraction (0.5—
1%) of impurity atoms or molecules impinged onto
superfluid helium contained in a small dewar beaker
sitting in the main helium glass dewar. The helium
vapor pressure in the dewar was maintained at
1=5 Torr by a high speed rotary pump. The gas
entered through a quartz capillary of diameter
about 0.7 mm, near the end of which was a region
containing a high power RF (60 MHz) discharge
for dissociation of molecules. In this series of ex-
periments most of the Im—He samples were created
by introducing into He II a gas jet not subjected to
the action of the RF discharge. When there was no
need to dissociate molecules we used a stainless
steel capillary with inner diameter of 1.6 mm sur-
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rounded by a vacuum jacket with a heater at the
bottom end. As in all of our previous setups, the
diameter of the hole at the end of the capillary was
0.7 mm. The nozzle of the capillary was located
2 c¢m above the surface of the superfluid helium in
the small quartz dewar mentioned above, which
acted as the collection beaker. To prevent the fre-
ezing of impurities in the nozzle we heated the end
of the capillary by an annular heater (R [110 Q).
In order to keep the level of helium in the beaker
constant, a continuously operating fountain pump
was used. When the gas mixture jet impinged on
the surface, a macroscopic snowflake-like semitrans-
parent material was created. This fell down through
the liquid and then congealed, forming a porous
impurity—helium solid between the transducers of
the ultrasound cell. The centers of transducers were
[15 cm below the level of helium in the beaker. For
more effective collection of the sample in the cell
we used a quartz funnel with two side plates which
were placed between the endplates of the cell. On
some occasions, in order to compress the sample at
low temperatures we used a small teflon cylinder
which could be moved up and down. We can
monitor the presence of the sample in the cell and
its homogeneity visually through slits on the sides
of the glass dewars. In these experiments the impu-
rities used were Kr, Ne and molecular D, and /or
N, . Gas mixtures of Im:He = 1:100 were used to
dilute the impurity particles and therefore prevent
them from congealing as they passed from the
source to the surface of the liquid helium. The total
flux of the gas mixtures was (4—6 )09 particles /s.
Samples with a visible volume between 1.2 and
1.7 ecm® were usually used.

2.2. Ultrasound cell

In our experiments we used two different ultra-
sound cells. In the first cell two x-cut gold plated
quartz transducers (5 MHz fundamental) were
used [27]. The crystals were 1 cm in diameter. Each
of these was pushed against the parallel walls of the
cell by two springs, one of which served as a central
electrode. The ground was provided by the brass
body of the cell. The path length was determined at
room temperature with a micrometer with a correc-
tion being made for the contraction upon cooling.
The value for the path length used in the experi-
ments was (1.572 £ 0.005) cm. In our second cell
we used two LiINDO; transducers with fundamental
frequency [J1 MHz (Fig. 1). The odd harmonics
were also used (3 and 5 MHz). The transducers
were 1.3 cm in diameter. Otherwise the design of
the second cell was similar to the first one except
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Fig. 1. Experimental cell: / — atomic and molecular source; 2

— impurity—helium jet; 3 — surface of liquid helium; 4 —
quartz dewar; 5 — quartz funnel; 6 — impurity—helium solid;
7 — ultrasound cell; 8 — germanium thermometer.

that the distance between transducers was

(1.470 £ 0.005) cm.

2.3. Spectrometer

The ultrasonic measurements were made using a
homodyne phase-sensitive spectrometer (Fig. 2). A
continuously operating oscillator was gated to pro-
vide a transmitter pulse of 4—12 psec. The ampli-
tude of the input signal could be varied from 1 to
100 V at the resonant frequency or at the odd
harmonics of the transmitting crystal. The ultra-
sonic pulse was received by the second crystal,
amplified and split in two parts, one of which was
used to directly measure the attenuation by record-
ing the amplitude of the signal on a TEK460 digital
oscilloscope. The second part was split again in two
parts to obtain the 0° and 90° components, 4. and
Agge- They where used to determine the phase of the
signal ¢:

tg (9) = Ag/Agy. )

Once the initial speed of sound was measured at the
temperature T, from the pulse transit time T,

Fizika Nizkikh Temperatur, 2000, v. 26, Nos. 9/10

Fig. 2. Ultrasound spectrometer: / — HP8656B signal gene-
rator; 2 — MATEC310 gated amplifier; 3, 6 — step attenu-
ators (0—100 dB); 4 — ENI325LA power amplifier (+50 dB);
5 — ultrasound cell; 7 — amplification stage (+70 dB); 8, 9 —
power splitters; 70 — hybrid power splitter; 7/, 12 — mixers;
13, 14 — low pass filters; 715, /6 — PAR160 box car integra-
tors; 17, 18 — multimeters; 19 — computer; 20 — TEK TDS460
oscilloscope for peak-peak and time of flight measurement.

changes in velocity were calculated from the phase
of the received signal.

-1
0 () -6 (Ty)0
bho=10,+———0O (6)
g w g

where [ is the length of the cell. With typical
samples the changes in velocity of a few parts per
million could be resolved. A second oscilloscope
was used to display the signal on a longer time
scale. It registered up to 12 echoes of the signal in
the first cell but only 3 echoes in the second one.

2.4. Thermometry

For temperature measurements, a calibrated
Lake Shore germanium resistor was used. The ther-
mometer was located inside the base of the cell just
outside the path of the ultrasonic pulses so that the
effect of the temperature difference between the
thermometer site and the sound path is minimized.
After the lowest temperature (1.0-1.1 K) was
achieved through pumping by both the rotary pump
and a roots blower, the initial speed of sound was
measured. In the next stage, by closing the pumping
line down the temperature was allowed to increase
by [0107* K,/s. Near the lambda-point the rate
was decreased to about 1076 K/s. During the
warmup, the fountain pump was constantly sup-
plying helium into dewar beaker up to the lambda-
point. After the superfluid transition, the warmup
rate increased to 107* K /s but boiling in the inner
dewar did not occur.
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Fig. 3. The velocity () and attenuation (b) of 4.96 MHz
sound in liquid helium: in bulk (O), in D,-He solid (), in
Ne-He solid (0), in Kr—He solid (e ). V, is the ultrasound ve-
locity at initial temperature for these measurements, 7 = 1.362 K.

3. Experimental results

Figure 3 shows the results of 5 MHz ultrasound
measurements (in the first cell) at 7 =1.1-2.2 K in
different Tm—He solids (Im = D, , Ne, Kr) just
after preparation. Here and in later figures we show
for comparison the velocity and attenuation of
sound in bulk helium which were measured in each
experiment before accumulating the sample. The
attenuation of sound in the presence of Im—He
samples (for such heavy impurities as Ne, Kr) is
larger than in bulk helium at low temperatures and
increases rapidly with temperature, after which it
reaches a plateau and at the A-point it goes through
a maximum. Whereas heavy Im—He samples all
have similar characteristic features, the D,—He
solid behaves quite differently. In the latter case,
we do not observe any measurable effect on the
speed of sound, and attenuation has a behavior
similar to that of bulk liquid helium, although
slightly (LJ1 dB/cm) higher. The samples pro-
duced with heavy impurities are much denser than
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Fig. 4. The attenuation of 5 MHz ultrasound in liquid helium:
in bulk (J), in D,~He solid (&), in D,~N,-He solid (pre-
pared without discharge (0), with discharge (m)), in N,~He
solid (e ).

the ones with the D, impurity. In the case of the
heavy impurities, investigations become impossible
above temperature in the neighborhood of 1.4 K
because of an extremely high attenuation. We could
have increased the signal by decreasing the distance
between the transducers but the method of collect-
ing the sample does not allow us to do that. There-
fore, in a series of experiments we introduced pulses
with very large (up to 100 V) values of the input
amplitude. From the analysis of attenuation in dif-
ferent Im—He samples it became clear that D,—
(heavy Im)—He samples are, in fact, the most suit-
able ones for investigations of mechanisms of
attenuation, because they have a relatively small
attenuation. In this work we compare three sam-
ples: N,-He, D,~He and mixed D,-N,—He. We
investigated the stability of these samples and also
the frequency dependence of ultrasound attenu-
ation. Measurements were performed between 1.0 K
and 4.2 K, with special attention to the region near
the A-point. Figure 4 shows the characteristic tem-
perature dependence of attenuation for these three
samples. The behavior of the attenuation in the
D,-N,—He solid repeats that of the D,-He solid
and bulk helium up to 7 [01.75 K. Warming up
further, it becomes closer to the behavior of the
N,—He solid, i.e. the attenuation increases and then
reaches a plateau.

3.1. Stability of the structure of Im—He solids

In this section we discuss the factors affecting
the structural stability of Im—He samples. Changes
in the structure should lead to changes in the
attenuation of ultrasound. Earlier it was discovered
that the compression of samples results in an in-
crease of attenuation [27]. In this series of experi-
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Fig. 5. The attenuation of ultrasound in liquid helium: in bulk
(D), in D,~He solid (after preparation of solid (A), after cross-
ing A-point and cooling down (a)), D,~N,—He solid prepared
with discharge (after preparation (e), after crossing A-point
and cooling down (m), after warming up to 2.1 K and cooling
down (0)).

ments we show the impact of warmup from 1.0 K to
2.2-4.2 K on the structure of our samples. Figure 5
presents the results of ultrasound measurements for
the three samples mentioned above as they were
warmed up in the temperature ranges below or
above T, . We can see that as the sample was
heated up to T, <T, and then cooled again,
there was no change in attenuation and therefore
the structure did not change. Crossing T, always
led to the small transformations in the structure
registered by a slight increase of sound attenuation.
The attenuation preserved its characteristic fea-
tures, nevertheless.

Figure 6 shows the attenuation of ultrasound in
liquid helium filled D,-N,—He solid during war-
mup from 1 K to 4.2 K. It was found that a sudden
drop in attenuation takes place at 3.4-3.5 K, which
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Fig. 7. The attenuation of ultrasound in liquid helium: in bulk
(O), in N,~He solid at 3.16 MHz (m), at 5.33 MHz (0).

is attributed to the change of structure of this solid.
Below this temperature, the sample occupied the
whole cell, but at T [13.5 K a significant compres-
sion of the solid by a factor of 12 was observed. This
is the first observation of a spontaneous macroscopic
change of structure of an Im—He sample in liquid
helium. For N,—He without D, , these changes were
not observed.

3.2. Frequency dependence of the sound
attenuation

Figure 7 presents the frequency dependence of
the attenuation of ultrasound in the N,—He sample.
Decreasing the frequency leads to a lower attenu-
ation and also shifts the point where the attenuation
levels off to a plateau to higher temperatures. Figu-
re 8 shows the frequency dependence of attenuation
in D,-N,~He sample measured at 3 and 5 MHz. It
significantly differs from the one observed in heavy
Im—He samples (like N2—He). For the first time, for
the D,-N,—He solid, we detected a steady and steep
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Fig. 8. The attenuation of ultrasound in liquid helium: in bulk
(D), in D,-N,~He solid at 3.16 MHz (0), at 5.33 MHz (m).
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monotonic increase in the attenuation up to the
A-point without occurrence of a plateau for 5 MHz
sound. This might be explained by the purely high
frequency behavior of the attenuation in this sam-
ple. For 3 MHz attenuation we observed only a
slow linear increase in the same temperature range.

3.3. The behavior of the sound attenuation and
the speed of sound near T .

The results of measurements near the A-point for
N,—He solids are shown in Fig. 9. Different symbols
represent different samples. The maxima of attenu-
ation near the A-point for N,—He samples are much
broader than for liquid helium, making the precise
determination of the position of the maxima impos-
sible. We can conclude from this data that there is

40
30L
E AAA
Q A4 as,
A4 A4 aa
% 201 AAAA‘ EEAA A 4 O
- s d N S 4 4aay
A OO o) a8
o] N o° 0 Laa,
as o0 Aap,
A&AA@ £ o A a sa
10+ o 20 o
00% 0.0 4 o
PO o) o o 1e)
0 I I I I I

-3 -2 -1 0 1 2 3
T-T,, mK
Fig. 10. The behavior of attenuation of ultrasound in liquid he-
lium near A-point: in bulk (O), in different D,~N,~He solids

(4, a). For D,-N,~He solids the attenuation is shifted by 5
and 10 dBm /cm, correspondingly.
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no significant shift of the A-point for helium-filled
porous N,—He solids.

Figure 10 shows the attenuation of ultrasound
(only 5 MHz data is presented) in the mixed
D,—N,—He solids. The width of attenuation peak
near the A-point is only slightly broader than that
for pure helium. That makes it possible to determine
the more precise position of the center of the peak.
It appears that the shift of peak with respect to bulk
helium is 0.2 mK, but at the same time the
reproducibility of the measurements of the sound
attenuation maximum in liquid helium from run to
run is about [10.1 mK. Therefore based on these
experiments we can say that even if the shift exists,
it is less than or on the order of 0.2 mK. Note that
Fig. 10 reflects the fact that the attenuation peak in
bulk helium is [10.8 mK below the A-point [30].

4. Discussion

4.1. Velocity of sound in Im—He solids

Before performing this series of experiments, it
was impossible to predict the characteristics of
sound propagation in Im—He samples created by
introducing impurities into superfluid helium. Ac-
cording to the existing model these Im—He solids
represent metastable phases formed by coalescing
Im—He clusters, in which helium is solidified as a
result of large attractive van der Waals interactions
between helium atoms and a central impurity parti-
cle. Therefore under the conditions of compact
packing of these clusters one would expect an in-
crease in elastic modulus for this material and also
an increase of the speed of sound with respect to
pure bulk liquid helium. A discovery of this effect
was one of the first goals of this experiment. How-
ever we were not able to produce samples for which
we could detect an increase in the speed of sound
although we used our standard methods for creation
of Im—He solids [6,7]. On the contrary, we observed
a smaller speed of sound than in superfliud helium.
The only exception were D,~He samples for which
the sound velocity was the same as in helium to
great precision. The observed decrease in the speed
of sound can be explained by the creation of the
porous structure of solid helium around the impu-
rity particles. This is also supported by the fact that
the behavior of the speed of sound resembles the
fast sound mode in porous aerogel [28]. This mode
is intermediate between first and fourth sound.
Here the normal component is locked in a very
compliant solid matrix so that the liquid and the
aerogel fibers move together under mechanical and
thermal gradients. McKeena et al. [28] developed a
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theory explaining the behavior of sound modes in
aerogel, taking into account coupling between the
normal component and the aerogel and its elasti-
city. The same features are observed in Im—He
samples.

4.2. Attenuation of sound in Im—He solids

As we pointed out before, the behavior of the
attenuation of sound in different heavy Im—He
solids has the same characteristic features. We ob-
serve the transition from the plateau with a small
attenuation to the plateau with a bigger one, which
ends with a maximum at the A-point. This can be
explained by the structure of this porous material,
which is characterized by a wide distribution of
pore sizes. Among these pores there are large chan-
nels in which the behavior of the helium is close to
bulk helium. The existence of these pores is realistic
especially if we take into account the method of
collecting Im—He solids. This is a highly nonequili-
brium process in which the impurity particles
cooled by the helium vapor enter the superfluid
helium where they stick together after random col-
lisions with each other. So in this process, as the
model of aggregation of the small particles into
clusters predicts [31], highly ramified fractal struc-
tures are created.

The accumulation of Im—He sample is charac-
terized by the existence of a convective flow of
helium which moves parts of the created condensate
from a location where impurity particles first hit
the surface of the helium to the bottom and to the
walls of the cell. Later these small pieces of porous
material stick together to form the Im—He solid.
They do not coalesce homogeneously, however. The-
refore macroscopic voids might be created between
them, which can lead to the formation of large
channels in the final condensate. We should notice
that this Im—He solid preserves its form unless
removed from the helium. Then it compresses by
60% [9].

Qualitatively the behavior of attenuation of
sound in samples with this structure can be ex-
plained as follows: At the lowest temperatures the
normal component of helium is locked to the solid
matrix and the attenuation is small. Warming leads
to a decrease of the viscous penetration depth J .
so that, when it is comparable to the pore size R of
our solid, the decoupling of a portion of the normal
fluid occurs. Therefore sound attenuation caused by
the friction of the layers of normal fluid as they
become unlocked from the solid matrix starts ra-
pidly increasing. Let us call the temperature, where
this occurs, T, . Continuous warmup leads to de-
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coupling of helium in a greater number of pores. We
define T, , as the temperature, where the sound
propagates only in the large channels. There helium
is almost like bulk helium and does not feel the
effect of the walls. In addition sound can propagate
through the smallest pores formed at the earliest
stage of the creation of the sample. Helium in these
pores is still locked to the solid matrix and attenu-
ation is low and almost independent of temperature.
This resembles the behavior of attenuation in bulk
superfluid helium.

Calculating viscous penetration depths for T,
and T, we can find the corresponding pore size
(5viSC = R). These results, inferred from Figs. 3,b
and 4, are shown in Table. Samples produced by
injecting heavy impurities in superfluid helium are
characterized by the presence of the pores of large
size — from 150 nm to 820 nm. On the other hand,
the D,—N,—He sample has smaller pores — 100 nm
to 140 nm. It should be pointed out that from the
analysis of the lowest temperature part of attenu-
ation, we can estimate only the pores of larger size
where a large attenuation is observed. Information
about the smallest pores is much harder to obtain
because after T, , sound propagates not only through
them but also through the large size channels.

Table

Values of T, and T, (see text) for different Im—He solids and
corresponding pore sizes

Sample T, K R, , nm T,, K Ry, nm
Kr—He 1.20 530 1.56 210
Ne—He 1.35 320 1.73 150
N,—He 1.10 860 1.58 210

Dy~N,—He 1.75 140 2.05 110
Dy—He 2.05 110

This model is supported by investigation of
sound attenuation in the same sample but at diffe-
rent frequencies. Figure 7 shows that a decrease in
frequency leads to a decrease of attenuation. Also
T, shifts to the higher temperature. For both fre-
quencies 8, (T, =1.48 K at 5 MHz) is equal to
0. (T, = 1.6 K at 3 MHz) which is in magnitude
equal to 240 nm.

Im—He samples formed in our experiments have
a variety of different volume ratios between the
porous part and the large channels. Compressing
these samples leads to a decrease in the volume of
the large channels, which in turn increases the
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attenuation, as was detected in the previous experi-
ments [27]. The comparison of attenuation in
freshly prepared samples and in those recycled
above T, showed that crossing the A transition
always gives a somewhat larger attenuation caused
by the compactification of Im—He solids. A much
larger effect was observed in the D,—N,~He sample
during warmup to 3.4-3.5 K where a sudden drop
in attenuation was observed. In addition it was seen
visually that the sample volume changed from
1.7 cm3 to 0.14 cm®. We did not observe a similar
effect in Ny—He samples. Hence this change of
attenuation is ascribed to the collapse of the porous
structure formed by deuterium molecules. Tt seems
as if a similar effect was detected in the work of
Gordon et al. [32], where a significant decrease of
concentration of deuterium atoms contained in a
D,~Ne—He sample was registered during the warm-
up from 1.8 K to 4.2 K.

Analysis of sound propagation in Im—He solids
shows that a distribution of the channels in super-
fluid helium is present, including very large chan-
nels, in which the helium behavior is close to that
of bulk helium. Although the speed and attenuation
of sound did not reveal any substantial suppression
of T, in N,—He samples, we discovered a very small
shift in D,~N,—He samples, on the order of 0.2 mK
which is similar to that in a very light aerogel. In
addition, a small broadening of the attenuation
peak was detected for N,—He solid near the A-point.
The width of these peaks gives us information about
the smallest pores in the samples. Using Joseph-
son’s relation [33] for helium in the channels of
Im—He solids, namely

< kg Tcm2 @
E0 =& =0
we can find the correlation length at the tempera-
ture where the broadening of the attenuation peak
starts. At this temperature T, the superfluidity in
the pores (where the pore radius R = §(T)) starts
breaking up. In equation (7) m, ky and % are the
mass of a helium atom, Boltzmann’s constant, and
Planck’s constant, respectively. From Fig. 7 we can
say that the onset of broadening of the attenuation
peak is at T [12.1 K, which gives the characteristic
size of the pores from the argument above as
R [J8 nm. This is reasonably close to (6 £ 2) nm,
the size of the clusters from which our Im— He solids
are built [15].
Under certain favorable circumstances we were
able to produce samples without any of the large
channels and in this case we did not observe the
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Fig. 11. Temperature dependence of ultrasound attenuation for
5.43 MHz (0) and 3.16 MHz (e ).

plateau in the temperature dependence of the at-
tenuation (see Fig. 8). This idea was checked by
plotting attenuation divided by (pnm)1/ 2 as shown
in Fig. 11. The constant straight line above T [11.6 K
describes the high frequency behavior of helium in
this particular porous sample, which implies that
the energy loss is occurring on the entire surface in
a thin layer of thickness 8, . . At a lower frequency
this behavior starts at a higher temperature because
the viscous penetration length is larger. If we com-
pare the temperatures at which the graph in Fig. 11
levels off to a straight line, we get the same value
of & .. [1180 nm for 3 and 5 MHz ultrasound.

visc

5. Summary

Im—He solids have opened up a variety of in-
triguing possibilities for experimental investigations
of the quantum properties of helium, as well as for
studying atoms, molecules and small clusters stabi-
lized in solidified helium. These studies provide a
new perspective for matrix isolation in solidified
helium. The big advantage of the Im—He solids is
that a large variety of atoms or molecules can be
used to build the <«backbones of the Im—He sam-
ples. It also appears that, depending on the prepa-
ration conditions, samples with different nanostruc-
tures can be prepared. To understand the properties
of the Im—He samples it is necessary to determine
their microscopic structure.

In this work investigations of the velocity and
attenuation of ultrasound were used to study the
characteristics of Im—He samples formed by intro-
ducing different impurities in the volume of super-
fluid helium. For helium in Im—He samples the
speed of sound is a little smaller than in bulk
helium, and its temperature dependence is close to
the fast sound mode in light aerogel [28]. The
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character of attenuation of ultrasound in helium in
Im—He samples is different from that in other po-
rous materials like Vycor, porous gold, aerogel. The
temperature dependence of ultrasound attenuation
in D,~He samples is close to that in bulk helium
whereas it is considerably different from the attenu-
ation in heavy Im—He samples. This allows us to
grow mixed solids, such as D,~N,—He, in which the
attenuation can be regulated by the content of the
gasous mixture. For these mixed samples we pro-
duced and investigated the most «perfect» porous
solids, which do not contain large channels of bulk
helium.

From the analysis of attenuation of ultrasound in
Im-He samples, we conclude that they have a wide
distribution of pore sizes between 8 nm and 800 nm,
as well as large channels in which the behavior of
helium is close to that of bulk liquid helium.

We investigated the behavior of the velocity and
attenuation of ultrasound in Im—He samples near
the A-point where a broadening of the A-peak is
observed. The broadening increases with increasing
sample density. A small shift of the transition tem-
perature ([J0.2 mK) was observed for D,-N,—He
samples.

For a better understanding of the microscopic
structure of Im—He samples, a study of low angle
x-ray scattering might be very helpful. The simila-
rity between the behavior of ultrasound in Im—He
samples and in aerogel suggests the possibility of a
fractal structure for Im—He solids. For studies of
the critical behavior of helium in Im—He samples,
investigations of second sound (low frequency
sound) are the most appealing. We believe that this
will allow the observation of the slow sound mode
similar to the one observed in aerogel [28] and also
the determination of the critical exponent for differ-
ent Im—He solids.
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