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Structural studies of impurity-helium solids
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We have used x-ray diffraction and ultrasound techniques to study the structure of mesoporous impurity–
helium solids created after the injection of impurity particles (D2, Ne, N2, Kr! into a volume of superfluid4He.
Clusters of impurities with size of order 50620 Å and density;1020 impurities/cm3 were observed by x-ray
diffraction. The presence of a wide distribution of pore sizes in Im–He solids was revealed by ultrasound~80
to 8600 Å) and by small-angle x-ray scattering~80 to.400 Å). Both x-ray and ultrasound methods detected
irreversible structural changes when samples were warmed aboveTl52.17 K. This is ascribed to the aggre-
gation of small clusters caused by thermally activated diffusion. In addition to being of fundamental interest,
the properties of the unique porous media studied in this work may be relevant to investigations of low
temperature chemical reactions, storage of free radicals, matrix isolation spectroscopy, and superfluid4He
contained in the pores of an extremely compliant medium.
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I. INTRODUCTION

The investigation of nanostructured materials is a rapi
developing research field. A great deal of progress has b
achieved in studies of isolated neutral atoms or molecu
and nanoclusters of atoms and molecules in liquid and s
helium.1–4 Studies of the spectral characteristics of sin
atoms or molecules have provided a great deal of inform
tion about the structure of helium surrounding these imp
ties. The impurities can be divided into two classes accord
to the sign of the chemical potential inside the helium mat
It is positive for alkali atoms and electrons and it is negat
for most other particles, in particular inert gas atoms a
more complex molecules such as D2 and N2. Alkali–helium
potentials have a more extended repulsive core and a we
attractive tail than the rare gas–helium potential. Rare
atoms as well as N2 and D2 molecules tend to compres
helium atoms in shells around the impurity. It has been s
gested by a number of authors that the first two layers
localized helium around a spherical impurity particle can
thought of as a solid in the radial direction but that the h
lium atoms are relatively free to translate in the azimut
direction. The same general behavior could be expected
nonspherical particles.5

When inert gases or gases such as nitrogen are introd
as impurity particles into liquid helium, we can produ
stable impurity–helium~Im–He! clusters, which make it
possible to create macroscopic Im–He samples consistin
impurity atoms isolated by localized helium.6–9 There is the
possibility of observing collective effects caused by the
teraction between stabilized impurity particles in Im–H
0163-1829/2001/65~2!/024517~12!/$20.00 65 0245
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samples and also the opportunity to observe chemical r
tions in a solid matrix when the behavior of the solid mat
is determined by zero-point motion.10–12 Introducing the
products of a nitrogen–helium radiofrequency discharge i
superfluid helium permits production of Im–He samples co
taining N atoms with relative concentrations unattainable
other techniques. For example, relative concentrations of
trogen atoms isolated by localized helium~@N#/@He#! in the
solid matrix can be as high as approximately 4%.7,9 The en-
ergy density stored in this Im–He sample is comparable
that of chemical explosives.13

Macroscopic solid samples formed by injecting impuriti
into superfluid helium are metastable solid phases built fr
coalescing clusters of the impurity particles surrounded
solidified helium layers. The preponderance of evidence s
gests that aggregates of these clusters are mesoporous s
similar to extremely porous aerogels. Both are formed
diffusion limited aggregation processes. It is quite reasona
that highly branching structures are formed for the case
Im–He solids. The helium layers surrounding each impur
particle or cluster are expected to be quite thin. They re
from the strong van der Waals attractive pressure associ
with each impurity particle or cluster. At a sufficiently lon
distance from the impurity, the effective pressure becom
smaller than the bulk solidification pressure of helium whi
is greater than 25 atmospheres. Therefore the model of
solid helium with embedded impurities does not apply
Im–He solids except under compression. Instead, the c
proximity of liquid helium to every impurity or impurity
cluster favors a porous branching structure. In recent ye
superfluid helium in porous materials has been a subjec
©2001 The American Physical Society17-1
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active theoretical and experimental investigations.14,15 Finite
size effects can shift or smear the superfluid transition
liquid helium. Various porous materials affect the critical b
havior of helium nearTl . Furthermore, sound propagatio
in superfluid helium has been extensively used in probing
structure of a number of porous materials, including vyc
and different porosity aerogels.16–18The sound attenuation in
liquid helium absorbed in a porous solid reflects the dissi
tion in the system, and its temperature and frequency de
dence is related to the characteristic pore size. The impor
feature of Im–He solids as compared to other porous m
rials is that the interaction potential between helium and
purities is well characterized. They also give us a uniq
opportunity to observe the properties of liquid helium in
porous medium consisting partially of localized helium.

Our previous reports on sound attenuation in helium
Im–He solids point to the presence of a distribution of po
sizes in Im–He samples.19,20 In the present work we hav
employed ultrasound propagation and x-ray diffraction to
vestigate the structural properties of Im–He solids. We h
concentrated on molecular impurities such as N2 and D2, and
inert gas impurities such as Ne and Kr in these experime
We have found that both x-ray and ultrasound measurem
lead to a consistent description of the properties of th
solids.

It was determined that Im–He (Im5Ne, N2) samples
consist of the clusters of impurities of order 50620 Å and
characteristic impurity density of;1020 cm23. This is con-
sistent with the previous set of x-ray experiments where
was determined that for a freshly prepared Ne-He sample
characteristic size of a constituent building blocks of t
porous material is 60620 Å.21 This does not rule out the
possibility that smaller clusters or single molecules may
present in the sample. In the present work, x-ray meas
ments monitored the aggregation of the impurities via dif
sion during the warming of the sample. X-ray powder p
terns of the clusters of impurities were observed as
clusters increased in size during the warming of the sam
Drastic irreversible changes were observed when sam
were heated above theTl of bulk helium. This is explained
by the speeding up of the thermally activated diffusion
that temperature regime because of the poor thermal con
tivity of liquid helium.

In a different set of experiments, this process of aggre
tion of impurities during the warm-up was monitored b
sound attenuation measurements using 1, 3, and 5 MHz
trasound via a pulse time-of-flight technique. Other use
information regarding Im–He solids was also obtained in
ultrasound experiments. For example, the distribution of
pore sizes in the samples was found to be between 80
8600 Å. This is consistent with the pore size distribution
obtained from small-angle x-ray scattering in a Ne–
sample, which was determined to range from 80 Å
.400 Å.

II. EXPERIMENTAL METHOD

A. Preparation of porous impurity –helium solids

The technique for creating impurity–helium solids in
volume of superfluid4He was similar to that developed b
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the Chernogolovka group.7,19 A gas jet of helium containing
a small fraction~0.5–1 %! of impurity atoms or molecules
was directed onto superfluid helium contained in a sm
dewar beaker sitting in the main helium glass dewar aT
.1.5 K. The helium vapor pressure in the dewar was ma
tained at 4–5 Torr by a high speed rotary pump. Figure
shows a setup for preparation of Im–He samples in our
trasound experiments.

The gas entered through a stainless steel capillary w
inner diameter of 1.6 mm surrounded by a vacuum jac
with a heater at the bottom end. The diameter of the hole
the end of the capillary was 0.7 mm. The nozzle of the c
illary was located 2 cm above the surface of the superfl
helium in the small quartz dewar mentioned above, wh
acted as the collection beaker. To prevent the freezing
impurities in the nozzle we heated the end of the capillary
an annular heater (R.10V). In order to keep the level o
helium in the beaker constant, a continuously operating fo
tain pump was used to transport cold superfluid helium i
the beaker from the main liquid helium bath. When the g
mixture jet impinged onto the surface, a macrosco
snowflake-like semitransparent material was created. T
fell down through the liquid and then congealed, forming
porous impurity–helium solid in the experimental cell.
free radicals~such as deuterium or nitrogen atoms! were to
be studied, a quartz inlet tube with 0.7 mm orifice at t
bottom was used to transport the gas sample down to the
temperature region. Near the end of this tube was a h
power RF~60 MHz! discharge for dissociation of molecule

B. Ultrasound experiment

For the case of the ultrasound experiments, the sam
was collected between the transducers of the ultrasound
The centers of transducers were;5 cm below the level of
helium in the beaker. Two cells of a similar design were us
~see Fig. 2!. The first one employedx-cut quartz crystals~5
MHz fundamental! placed 1.57 cm apart. Each of these w
pushed against the parallel walls of the cell by two sprin
one of which served as a central electrode. The ground
provided by the brass body of the cell. The second cell u

FIG. 1. Experimental setup for preparation of impurity-heliu
solid samples for ultrasound studies.
7-2
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STRUCTURAL STUDIES OF IMPURITY-HELIUM SOLIDS PHYSICAL REVIEW B65 024517
LiNbO3 transducers~1 MHz fundamental! placed 1.47 cm
apart. For more effective collection of the sample betwe
transducers in the cell, we used a quartz funnel with two s
plates which was placed between the endplates of the
We could monitor the presence of the sample in the cell
its homogeneity visually through slits on the sides of t
glass dewars. In these experiments the impurities used w
Ne, Kr and molecular D2 and/or N2. Gas mixtures of
Im:He51:100 were used to dilute the impurity particles a
therefore prevent them from forming macroscopic impur
granules as they passed from the source to the surface o
liquid helium. The total flux of the gas mixtures wa
(4 –6)31019 particles/s. Samples with a visible volume b
tween 1.2 and 1.7 cm3 were usually employed. In genera
the samples extended through the entire distance betwee
transducers.

The ultrasonic measurements were made using a ho
dyne phase-sensitive spectrometer. A continuously opera
oscillator was gated to providing transmitter pulses
4 –12 ms. The amplitude of the input signal could be vari
from 1 to 100 V at the resonant frequency or at the o
harmonics of the transmitting crystal. The ultrasonic pu
was received by a receiver crystal, amplified and split in t
parts, one of which was used to directly measure the atte
ation by recording the amplitude of the signal on a digi
oscilloscope. The attenuation was determined by the rati
the signal voltageU at the receiving transducer to the appli
voltage at the transmitterU0. ~We assume a linear relatio

FIG. 2. Experimental cell: 1, Atomic and molecular source;
impurity–helium jet; 3, surface of liquid helium; 4, quartz dewar;
quartz funnel; 6, impurity–helium solid; 7, ultrasound cell; 8, g
manium thermometer~Ref. 20!.
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between the voltage and the vibration amplitudes.! Accord-
ing to the definition of attenuationa,

a~dB/cm!5~20/l !• log
U0

U
, ~1!

wherel is the length of the cell.
The second part of the signal was split again into t

parts to obtain the 0° and 90° components,A0° and A90° .
They where used to determine the phase of the signalf:

tan~f!5A0° /A90° . ~2!

Once the initial speed of sound was measured at the t
peratureT0 from the pulse transit timet0, changes in veloc-
ity were calculated from the phase of the received signa

Dv5 l Y S t01
f~T!2f~T0!

v D , ~3!

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

For temperature measurements, a calibrated german
resistor was used. The thermometer was located inside
base of the cell just outside the path of the ultrasonic pu
so that the effect of the temperature difference between
thermometer site and the sound path was minimized. Ul
sound measurements were performed during a slow war
with a rate of 1024–1026 K/s. The warmup rate was con
trolled by constricting the pumping line and was the slow
near theTl .

C. X-ray scattering measurements

X-ray scattering measurements were carried out on be
line X20A at the National Synchrotron Light Source
Brookhaven National Laboratory. Im–He samples were p
duced inside a pumped helium cryostat (T51.4–300 K) de-
signed for x-ray diffraction measurements. The cryostat w
mounted on a two-circle goniometer, and the experime
were performed in a standard horizontal scattering geome
The energy of x rays was 8 keV. Figure 3 shows a diagram
the insert for a variable temperature cryostat designed
x-ray diffraction measurements. The technique of sam
preparation was identical to that used in the ultrasound
periments. The only difference was that the sample was
lected in a beryllium can.21

After the sample collection was finished, the sample co
be maintained in liquid helium atT51.5–4.2 K, or liquid
helium could be drained from the cell. The latter corr
sponded to a ‘‘dry’’ sample. In this case the temperature
the insert could be controlled in the rangeT51.5–300 K.
For the temperature measurements, we used the same ge
nium thermometer that was used in the ultrasound exp
ments. In this case it was placed just outside of the berylli
can ~see Fig. 3!.

,

7-3
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S. I. KISELEV et al. PHYSICAL REVIEW B 65 024517
Im–He samples studied in our experiments contain
small clusters of impurity atoms with randomly distribute
orientations.21 Therefore, the diffraction patterns produce
by these samples are essentially powder diffraction patte
and standardu –2u scans were used for data collection. M
mentum transfers from 0.4 Å21 to 2.8 Å21 were accessed
We have also carried out studies at smaller scattering an
in which data at momentum transfers as small as 0.015 Å21

were collected. For the subsequent data analysis, stan
corrections for solid angle, polarization, and sample volu
were made. To isolate the scattering due to the Im–
samples from the scattering due to liquid helium, the sam
cell, and the cryostat windows, each experiment consiste
two sets of measurements. First, the sample was prep

FIG. 3. The diagram of insert for a variable temperature Oxf
cryostat: 1, vacuum jacket; 2, capillary; 3, calibrated orifice;
heater; 5, dielectric screen; 6, beryllium can with Im–He samp
and germanium thermometer; 7, rods for vertical movement of
can; 8, stainless steel protective tube with a hole for x-ray acc
~9!; 10, fountain pump.
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and x-ray measurements were carried out. Then, the sam
was evaporated by heating the sample cell to a high temp
ture, and the measurements were repeated both for the
filled with liquid helium, and for the empty cell. The forme
‘‘background’’ scans were used for the samples immersed
liquid helium, while the latter were used for the ‘‘dry
samples. These background x-ray scans were subtracted
the Im–He data.

III. RESULTS

A. X-ray data and interpretation of x-ray results

In this section, we report x-ray diffraction studies
N2, Ne, and D2 impurity–helium solids. In a previous
paper,21 we have reported x-ray studies of Ne samples a
preliminary results for the N2 and Kr samples. Here we ex
tend the investigation of the Ne–He solids to samples p
pared under different initial conditions, and also report t
results of small-angle scattering experiments. The analysi
the N2 data is given, and the D2 samples are briefly dis
cussed.

X-ray diffraction patterns produced by the Im–H
samples contain broad diffraction peaks at the Bragg p
positions characteristic of the bulk crystal structure of t
pure Im solids. These broad peaks indicate that very sm
clusters of the impurity atoms are present in our samples21

Figure 4 shows the diffraction data for the N2–He sample
at T51.5 K. Before the data collection, the sample w
compressed by heating aboveTl . The sample was sur
rounded by liquid helium at all times. The liquid helium
signal has been subtracted from the data. The data were
lected in the vicinity of the~111! and~200! peaks character
istic of cubic solid nitrogen. As in all the x-ray figures show
below, Fig. 4 shows the intensity scattered into the so
angle corresponding to a chosen momentum transfer; cor
tions for polarization and sample volume were also made
addition, the intensity is normalized by the division by th
square of the atomic factor of nitrogen. The notable featu
of the data of Fig. 4 are a broad peak at the~111! position
(ka'10.88), and theabsenceof the peak at the~200! posi-
tion (ka'12.57). As was shown in Ref. 21, this means th

d
,
;
e
ss

FIG. 4. X-ray diffraction pattern for the N2–He sample im-
mersed in liquid helium atT51.5 K. Liquid helium signal is sub-
tracted.k is momentum transfer,a is the lattice constant of solid N2.
The solid line is the result of the calculation for 50 Å cluster wi
four stacking faults, as discussed in the text. The dashed line sh
the calculation made for a 30 Å ideal fcc cluster.
7-4
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the N2 clusters in our Im–He samples do not possess
ideal fcc structure of the bulk N2, but contain a substantia
number of defects. This observation is also in agreem
with earlier electron diffraction studies of free clusters p
duced in supersonic jets.22,23

In the presence of defects, there is no simple quantita
relation between the width of the diffraction profiles and t
cluster size. To determine the typical N2 cluster size in our
samples, we follow the analysis of Ref. 21. We consider
clusters containing a specified number of stacking faults
discussed in Ref. 21. The intensity at the scattering vectk
from a collection of such clusters randomly oriented in sp
is given by the Debye scattering equation24

I 5I 0(
m

(
n

f 2~k!
sin~krmn!

krmn
. ~4!

Here r mn is the distance between themth andnth atoms,
and f (k) is the atomic form factor of nitrogen. The calcu
lated diffraction patterns were averaged over the differ
positions of the stacking faults in the cluster.

Model calculations for the N2–He samples are, in genera
more complicated than the calculations for Ne–He samp
considered in Ref. 21 because N2 molecules possess rota
tional degrees of freedom, and therefore the rotational o
of these molecules has to be considered. To address
problem, we have carried out calculations for the ideal
clusters using both the actual positions of the nitrogen ato
in the crystal structure, and also in the approximation
which the N2 molecules were replaced by two nitrogen a
oms located at the center of mass of the molecule. The
ference between the calculated results in the momen
transfer range of Fig. 4 was much smaller than the exp
mental errors. Therefore, in the calculations for the clus
with faults, we used the simplified model with two nitroge
atoms located at each point of the corresponding fcc lat
with stacking fault defects.

The best agreement with the experimental data show
Fig. 4 was obtained for clusters consisting of;2500 mol-
ecules~diameter;50 Å). The solid line in Fig. 4 shows th
calculation made for a cluster with 2352 molecules conta
ing four stacking faults of the deformation type. The dash
line shows the calculation made for an ideal fcc cluster
450 molecules~diameter ;30 Å). The latter calculation
gives the low limit on the cluster size because disorde
clusters always produce broader peaks than ideal cluste
the same size. The upper limit on the cluster size can
estimated from the calculation for clusters with rando
closely packed structure~the number of faults equals th
number of closely packed layers!. Such calculations aver
aged over a large number of random distributions of the
fects produce a peak width similar to the experimental wi
for clusters 80 Å in diameter. The agreement with the
perimental data in this case, however, is much worse than
the calculation shown in Fig. 4. Therefore, a conservat
estimate for the typical cluster size in the N2 sample of Fig.
4 is 50620 Å. The minimum number of stacking faults re
quired to explain the experimental data is three.
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There are several sources of systematic errors assoc
with our determination of the characteristic cluster size
50 Å. Lattice dynamics effects, for example, were ignor
in our calculation. A rough estimate of the Debye–Wal
factor based on the Debye temperature of bulk solid nitro
(Tu'79 K) indicates that the Debye–Waller correctio
does not change results of our calculations. However, th
mal vibrations in our highly disordered samples in which
substantial fraction of molecules reside near the cluster
faces are likely to be larger. Another possible source for s
tematic errors is the restriction of the trial structures to
fcc type. More complex atomic arrangements can, in pr
ciple, be realized.

The prevalent cluster size of the N2 sample discussed
above, 50 Å, is similar to the size of the Ne clusters o
tained in Ref. 21. The nitrogen atom density of
31020 cm23 determined from the comparison of the inte
sities of the nitrogen peaks to the liquid helium signal is a
similar to the density of the previously characterized
samples. However, samples grown under different prep
tion conditions exhibited different sample densities as wel
different widths of the diffraction peaks. The samples d
cussed above exhibited some of the broadest peaks that
detected reliably. Samples with significantly broader diffra
tion peaks, even if successfully prepared, would be undet
able in our experiments because of large experimental err

Samples with narrower peaks were, on the other ha
frequently obtained. Figure 5 demonstrates, for example,
neon samples with diffraction peaks 2 times as narrow as
one in Fig. 4 were observed. This corresponds to the n
cluster size roughly twice as large as that obtained from
data of Fig. 4. We conclude that large variations of the pre
lent cluster size can be achieved by varying preparation c
ditions.

The x-ray techniques employed in this work are not a
to identify very small clusters or single atoms and molecu
in the Im–He solids. Magnetic resonance methods now be
developed at Cornell are expected to provide complemen
information on these very small units.

Raising the temperature of the sample also results in s
stantial changes in the sample structure. Figure 6 sh
x-ray diffraction patterns for a Ne–He sample atT51.5 K,
and subsequent patterns taken atT54.2 K. The first pattern
at T54.2 K was taken immediately after the sample w

FIG. 5. X-ray diffraction pattern for the different Ne–H
samples after preparation in liquid helium atT51.5 K. Liquid he-
lium signal is subtracted.
7-5
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warmed up, and the second pattern was taken;15 min
afterwards. We applied the same corrections as those
for the data of Fig. 4. Increasing temperature results in
growth of intensity and narrowing of the width of the diffra
tion peaks. The integrated intensity of the cluster pe
grows by a factor of 1.9 as the sample is heated fromT
51.5 K toT54.2 K, and the intensity increases by anoth
10% as the sample is kept atT54.2 K for 15 minutes. The
integrated intensity is proportional to the total number
atoms in the clusters, and therefore the simplest explana
of its growth is the aggregation of the impurities or cluste
of impurities in the Im–He samples as well as macrosco
settling of the suspension. In addition, the shape of the
fraction peaks changes. The changes of the peak shape
attributed in Ref. 21 to the annealing of the lattice defects
the clusters. The model with a fixed cluster size results
lower quality fits to the experimental data at high tempe
tures~see the top curve in Fig. 3, Ref. 21!. Therefore, in all
likelihood, the clusters grow with increasing temperature

We have also attempted to prepare D2–He samples. In all
cases, no detectable diffraction intensity was found imme
ately after the sample preparation. The absence of a diff
tion signal from as-prepared samples most likely results fr
insufficient data collection times in our experiments; mo
precise measurements are under way. After heating
sample toT54.2 K in liquid helium, narrow deuterium
peaks from macroscopic deuterium particles with fcc str
ture were always detected. One of these peaks that was
served in a ‘‘dry’’ D2–He solid atT58 K is shown in Fig.
7. The observation of the fcc structure, which is thermo
namically unstable aboveT54 K, is consistent with previ-
ous studies of rapidly cooled deuterium samples.25 The ap-
pearance of narrow peaks in D2–He solids after warming to
4.2 K indicates the rapid formation of large crystallites. Th
behavior differs from that of the heavier Im–He solids whe
the clusters grow in size more gradually.

Finally, we discuss results of small-angle x-ray scatter
measurements for the purpose of investigating the poss
multiscale behavior of our system. Figure 8 shows the x-
intensity in a Ne–He sample atT51.5 K where the liquid
helium background has been subtracted. As usual, this fi

FIG. 6. X-ray diffraction patterns for the Ne–He samples i
mersed in liquid helium atT51.5 K andT54.2 K. Liquid helium
signal is subtracted.k is momentum transfer,a is the lattice constan
of solid Ne. The lower curve atT54.2 K was taken immediately
after the sample was warmed up. The higher curve atT54.2 K
was taken 15 min afterwards.
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presents the intensity scattered into the solid angle co
sponding to a chosen momentum transfer. To interpret th
results, we first notice that the Im–He samples most lik
contain impurity clusters of a variety of sizes. The fact th
no characteristic maxima are observed in the data of Fig
confirms this suggestion. Second, we recall that in multisc
systems with distinct surfaces, such as aerogels and polym
in solutions, the scattered intensityI at small angles
often obeys a power law in the magnitude of the scatter
vector,k

I ~k!;k2d, ~5!

whered can vary from 0 to 4.26,27 For momentum transfers
corresponding to length scales smaller than the character
size of the building block in the system,d54. For the length
scales large enough for the system to be considered unifo
d50. For the intermediate length scales, the value ofd de-
pends on the exact microstructure of the system investiga
For the special case of mass fractals,d equals the fractal
dimension of the system (1,d,3), and for the case of sur
face fractals,d562ds , whereds is the surface fractal di-
mension (3,d,4).

We use Eq.~5! to interpret the small-angle scattering da
For momentum transfers larger thanq;0.08 Å21, the I (k)
curve appears to follow thek24 law reasonably well, as in-
dicated by the solid line in Fig. 8. This gives the charact
istic size of the building block~the impurity cluster! of
80 Å. This number is in reasonable agreement with the ty
cal impurity cluster size estimated above. Because of
small but systematic deviation of the data of Fig. 8 from t

FIG. 7. X-ray diffraction pattern for the D2 sample atT58 K.

FIG. 8. Small-angle x-ray diffraction pattern for the Ne Im–H
sample atT51.5 K. Liquid helium signal is subtracted. The sol
line is the fit to thek24 law.
7-6
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k24 law, it is difficult to determine the exact crossov
point, and therefore the error of the estimate of the build
block size from the small-angle data is probably significa

Another important feature of the data shown in Fig. 8
the absence of saturation (d50 regime! at small values ofk.
This means that the system is not uniform up to length sc
of 400 Å, and therefore pores larger than 400 Å are pres
in the system.27 ~We can exclude the presence of a significa
fraction of impurity clusters of such a large size from da
collected at larger momentum transfers, see Fig. 6.! In the
intermediate regime (0.015,k,0.08), it is tempting to fit
the data to Eq.~5! and try to extract the fractal dimensio
characteristic to our Im–He samples. We note, however,
the range ofk accessible in our experiments is not lar
enough to make a meaningful estimate ofd. We leave, there-
fore, the question of whether our samples possess a fra
structure as a subject of future work.

In summary, the x-ray data described above suggest
the microstructure of the Im–He samples consists of build
blocks ~impurity clusters! with a distribution of block sizes
The typical building block size in the Ne and N2 Im–He
samples is 50–60 Å. Clusters significantly larger th
100 Å are not present in as-prepared samples. The sam
however, contain a pore distribution from 80 Å to 400 Å
diameter, or even larger. Samples with different densities
different typical block sizes can be grown under differe
preparation conditions. In particular, Ne clusters with size
times larger than those described above can be grown. W
increasing temperature, the density of the Ne–He
N2–He samples grows because of the aggregation of im
rities as well as because of macroscopic settling of the
pension. The cluster size grows and the cluster structure
fects anneal as the temperature increases. These resul
further confirmed by the ultrasound measurements descr
in the next section.

B. Ultrasound data and interpretation

Figure 9 shows the results of 5 MHz ultrasound measu
ments~in the first cell! at T51.1–2.2 K in different Im–He
solids (Im5D2, N2, Ne, Kr! just after preparation. The at
tenuation of sound in the presence of Im–He samples~for
such heavy impurities as Ne, N2, Kr! is larger than in bulk
helium at low temperatures and increases rapidly with te
perature, after which it reaches a plateau and then at theTl it
goes through a sharp maximum. Whereas heavy Im–
samples all have similar characteristic features, the D2–He
solid behaves quite differently. In the latter case, we do
observe any measurable effect on the speed of sound,19 and
the attenuation has a behavior similar to that of bulk liqu
helium, although slightly (;1 dB/cm) higher. The sample
produced with heavy impurities are much denser than
ones with the D2 impurity. In the case of the heavy impur
ties, investigations became impossible above temperatu
the neighborhood of 1.4 K because of extremely high atte
ation. Therefore, for those samples we were forced to
crease the amplitude of the transmitted pulses to very la
~up to 100 V! values.
02451
g
t.

es
nt
t

at

tal

at
g

n
es,

d
t
2
ith
d
u-
s-
e-
are

ed

-

-

e

t

e

in
u-
-
e

The characteristic temperature behavior of attenuation
different heavy Im–He samples can be explained by the
culiarities of structure of this porous material, which is ch
acterized by a wide distribution of the pore sizes. Amo
these pores there are large channels in which the behavi
the helium is close to bulk helium. It is reasonable that th
pores should exist, especially if we take into account
method of collecting Im–He solids. This is a highly nonequ
librium process in which the impurity particles cooled by t
helium vapor enter the superfluid helium where they st
together after random collisions with each other. So in t
process, as the model of aggregation of the small parti
into clusters predicts,28 highly ramified ~branching! fractal
structures can be created.

The accumulation of Im–He samples is characterized
the existence of a convective flow of helium which mov
the pieces of Im–He solid from a location where impur
particles first hit the surface of the helium to the bottom a
to the walls of the cell. Later these small pieces of poro
material stick together to form the macroscopic Im–He so
The constituent blocks of these structures are impurity p
ticles and/or clusters of impurity particles encapsulated
one or two shells of localized helium. They could coales
inhomogeneously, however. Therefore macroscopic vo
might be created between them, which can then lead to
formation of large channels in the final sample. We sugg
that during the process of injection, impurity atoms and m
ecules from the gas phase enter superfluid4He and form
loosely connected semirigid network structures. A large v
ume fraction of this sample is filled with liquid helium. It i
possible for any small, isolated impurity–helium cluste
with a small number of impurities as a core to be captu
inside the rigid structure as they move through the liquid.

FIG. 9. The behavior of ultrasound attenuation in liquid heliu
confined in different impurity–helium solids:~a! in Kr–He solid
~solid squares!, in Ne–He solid~triangles!; ~b! in N2–He solid
~open circles!, in D2–He solid~open squares!.
7-7
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should notice that this Im–He solid preserves its form unl
removed from the liquid helium. In this latter case it h
been observed visually to compress by up to 60%.9

The motion of a fluid in a porous medium during acous
measurements depends on the pore size and the fluid’s p
erties. Biot created the basic theoretical framework for so
propagation in porous materials.29 It was successfully ap
plied to ultrasound experiments in superfluid helium in va
ous porous media,18 including light aerogel. The main pa
rameter used to describe the behavior of sound in liquid
porous materials is the viscous penetration depth

dvisc5~2h/vrn!1/2, ~6!

where h is the viscosity of 4He, rn is the density of the
normal component, andv is the frequency of ultrasound. I
superfluid helium the normal fluid fraction changes from
most zero to one between 1.0 K and 2.17 K, causingdvisc to
change from 1500 nm to 100 nm for 5 MHz sound. Th
allows us to give a qualitative explanation of the behavior
the attenuation of sound in Im–He samples, which
thought to be similar to very porous aerogels.

At the lowest temperatures the normal component of
lium is locked to the walls of the solid matrix. Therefore th
main effect of the fluid is to change the effective density
the porous media and the attenuation is small. Warming le
to a decrease of the viscous penetration depthdvisc as rn
increases with temperature so that, when it is comparab
the sizeR of a particular set of pores~in a distribution of
pore sizes!, the decoupling of a portion of the normal flui
occurs. During the process of warming up we observe
crossover from the low frequency regime, for which the e
tire normal component was locked in the pores of Im–
solids to the high frequency regime where more and m
normal fluid became unlocked from walls of the pore
Therefore sound attenuation caused by the friction of
layers of normal fluid as they became unlocked from
solid matrix rapidly increases with temperature. Let us c
the temperature of this crossover at which attenuation sta
rapidly increasingT1. Further warming leads to decouplin
of helium in a greater number of pores as smaller and sma
pores begin to play a role with increasing temperature. A
certain temperature the ultrasound waves in those pores
come very attenuated and only the sound propagating in
largest channels can be detected. For this case helium i
most like bulk helium and does not feel the effect of t
walls, in the sense that most of the liquid is far from t
walls. In addition, sound can propagate through the sma
pores formed at the earliest stage of the creation of
sample. Helium in these very small pores is still locked
the solid matrix and attenuation is low and almost indep
dent of temperature. The above considerations lead to
behavior of attenuation resembling that in bulk liquid h
lium, meaning that attenuation is almost independent of te
perature. Let us call this temperature, at which attenua
reaches a plateau,T2 ~Figs. 9, 10!.

By calculating viscous penetration depths forT1 andT2,
we can find the corresponding pore size (R.dvisc). These
results, inferred from Fig. 9, are shown in Table I. Samp
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produced by injecting heavy impurities in superfluid heliu
are characterized by the presence of pores of large size–
150 nm to 860 nm. It should be pointed out that from t
analysis of the low temperature part of attenuation, we
estimate sizes only for pores of larger diameter in the c
where increasing attenuation is observed. Information ab
the smallest pores is much harder to obtain because abovT2
where unlocking would take place, sound propagates
only through these small pores but also through helium in
large size channels.

This model is supported by investigations of sound
tenuation in the N2–He sample but at different sound fre
quencies~Fig. 10!. A decrease in frequency leads to a d
crease of attenuation for the pores18 as well as for the large
channels where bulk behavior is expected. The smaller
frequency, the larger the viscous penetration depth, acc
ing to Eq.~6!, which leads to more normal fluid being locke
and lower attenuation.T1 corresponds to the temperatu
where unlocking starts to occur in the largest pores.T2 cor-
responds to the temperature where domination by the la
channels and the very smallest pores takes effect. There
be a distribution of pore sizes, but unlocking occurs fo
given pore sizeR whendvisc;R, wheredvisc is given by Eq.
~6!. Note from this equation that the temperature depende
of dvisc is via rn andh. We have calculated the value ofdvisc
from Fig. 10 atT2 for each of the frequencies (T251.6 K at
3 MHz andT251.48 K at 5 MHz! and find that they are

FIG. 10. The behavior of ultrasound attenuation in liquid h
lium: in bulk ~open circles! and confined in N2–He solid at 3.16
MHz ~solid squares!, at 5.33 MHz~open squares!. The attenuation
oscillations here and in other similar data are not understood.
Ref. 20.

TABLE I. Values of T1 and T2 ~see text! for different Im–He
solids and corresponding pore sizesR. Note that calculations ofR
can also be performed for temperatures intermediate betweeT1

andT2.

Sample T1 ~K! R1 ~nm! T2 ~K! R2 ~nm!

Kr–He 1.2 530 1.56 210
Ne–He 1.35 320 1.73 150
N2–He 1.1 860 1.58 240
7-8
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STRUCTURAL STUDIES OF IMPURITY-HELIUM SOLIDS PHYSICAL REVIEW B65 024517
both equal to 240 nm. Note that for a given value ofR
;dvisc, T2 will occur at a higher temperature for the low
frequency~3 MHz! as can be seen by equating the right-ha
sides of Eq.~6! for the two frequencies. Note thatT2 for the
ultrasound data at 3 MHz is slightly obscured by small
tenuation oscillations, which are not presently understood
similar comparison was not possible for the case ofT1 be-
causeT1 is not well defined in the 3 MHz data.

Im–He samples formed in our experiments have a var
of different ratios between the volumes of the porous p
and the large channels. Compressing these samples lead
decrease in the volume of the large channels, which in t
increases the attenuation, as was detected in prev
experiments.19

Analysis of sound propagation in Im–He solids th
shows a distribution of the sizes of channels containing
perfluid helium, including very large channels, in which t
helium behavior is close to that of bulk helium. The a
proach used above can only give information about the p
ence of relatively large pores with size comparable to
viscous penetration depth at temperatures between 1.1
2.17 K. In order to obtain information about the smalle
pores in which normal helium is locked to the surface
Im–He solid through most of the temperature range inve
gated, we determined the width of the attenuation peak n
thel point. This attenuation peak corresponds to the dest
tion of superfluidity in the smallest pores in the immedia
neighborhood of thel point. The onset of this peak occu
when the correlation length in helium becomes compara
to the pore size. Josephson’s relation30 for helium gives the
temperature dependence of the correlation length in hel
nearTl :

j~ t !5j0utu2z5
kBTcm

2

\2rs~ t !
, ~7!

wherem, kB , and\ are the mass of a helium atom, Bolt
mann’s constant and Planck’s constant, respectively. F
Fig. 9 we can say that the onset of broadening of the atte
ation peak for the N2–He sample studied is atT.2.1 K,
which gives the characteristic size of the pores from the
gument above as;80 Å. This is reasonably close to 5
620 Å, the size of the clusters from which our Im–He so
ids are built, as obtained from x-ray studies.

Under certain favorable circumstances we were able
produce D2–N2–He samples without any of the large cha
nels and in this case we did not observe the plateau in
temperature dependence of the attenuation.20 We are plan-
ning further investigations of this phenomenon.

Now we shall discuss the factors affecting the structu
stability of Im–He samples. Changes in the structure sho
lead to changes in the attenuation of ultrasound. The c
parison of attenuation in freshly prepared samples and
those cycled aboveTl showed that crossing thel transition
always gives a somewhat larger attenuation.

Figure 11~a! displays the sound attenuation in a N2–He
solid. Here we observed a very pronounced effect of incre
of attenuation after the sample is cycled above thel point. In
contrast, warming the samples to temperatures slightlybelow
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thel point and cooling them down again did not lead to a
observable changes in attenuation of sound. This allows u
conclude that structural changes take place primarily a
heating the samplesabovethe l point, where liquid helium
does not have a thermal conductivity high enough to serv
a thermal bath to smooth out the local temperature variati
caused by recombination of atoms~a large effect! or by as-
sociations of molecules of impurities~a smaller effect!.

Figure 11~b! shows the attenuation of sound in fres
D–D2–He and in D2–He samples which were later cycle
above thel point. The former sample, which contains
atoms, was prepared with an RF discharge. The attenua
of sound in both of these fresh samples was identical. Wa
ing samples above thel point and cooling them down led to
a slight increase of attenuation by;2 dB and;1.35 dB
for D–D2–He and D2–He, respectively, but the characteri
tic behavior of attenuation did not change~it was still similar
to that in pure helium!.

The difference in change of attenuation in D–D2–He and
D2–He samples can be explained by the occurrence of
combination of stabilized D atoms which releases;4.5 eV
per each recombination. This is much greater than the he
aggregation associated with van der Waals forces betw
deuterium molecules. Therefore the heat of recombination
D atoms may initiate and accelerate the thermal diffusion
neighboring deuterium atoms and molecules. This lead
association of neighboring impurity particles and creation
regions with a larger concentration of Im–He sample there

FIG. 11. The attenuation of ultrasound in liquid helium:~a! in
N2–He solids@after preparation~open squares!, after crossingl
point and cooling down~solid squares!#; ~b! in bulk helium ~solid
circles!, in D2–He and D–D2–He solids@after preparation of both
solids ~open circles!#, after crossingl point and cooling down
D2–He ~solid triangles!, after crossingl point and cooling down
D–D2–He ~open triangles!.
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leading to increased attenuation. This is similar to the eff
observed in the heavier Im–He solids.

The difference of the characteristic behavior of sound
tenuation in D2–He and heavier Im–He samples can be
plained by the difference in rigidity of these samples. Only
the case of heavier impurities is it possible, as a resul
larger Im–Im and Im–He van der Waals interactions, to c
ate a rather rigid, although still somewhat compliant, poro
structure. That is why we observe the additional attenua
due to sloshing of the normal component of helium relat
to the normal helium viscously clamped to the semirigid p
rous network. In the case of deuterium impurities, van
Waals forces associated with the D2–D2 and D2–He interac-
tions are much smaller and closer to the He–He interact
As a result very compliant D2–He solids can be formed in
the superfluid helium. In fact, zero point energy plays a m
jor role in determining the properties of Im–He solids co
taining the lightest impurities. Hence these Im–He solids
volving light impurities are quantum solids. The sma
increase of sound attenuation in D2–He samples compare
with bulk helium can be explained by an increase in
effective density of the medium compared with pure bu
helium. But there is no clear evidence of viscous losses
the surface layers of liquid helium in the sample pores in t
case, as opposed to results in the Im–He solids involving
heavier impurities.

Finally, we consider the behavior of the sound attenuat
in helium in Im–He solids near thel point. The results of
measurements of attenuation near theTl for Im–He samples
(Im5Ne, N2, Kr! shows that the maxima of attenuation ne
the l point for these samples are much broader than
liquid helium ~see Figs. 9 and 10!, making the precise deter
mination of the position of the maxima impossible. We c
conclude from this data that there is no significant shift of
l point for helium-filled porous heavy Im–He solids.

On the other hand, Fig. 12 shows the behavior of
velocity and attenuation of ultrasound~only 5 MHz data is
presented! in the mixed D2–N2–He solids. The width of at-
tenuation peak nearl point is only slightly broader than fo
pure helium. That makes it possible to determine the m
precise position of the center of the peak. It appears that
shift of peak with respect to bulk helium is;0.2 mK, but at
the same time the reproducibility of the measurements of
sound attenuation maximum in liquid helium from run to r
is about;0.1 mK. Therefore based on these experime
we can say that the shift in the onset of superfluidy
D2–N2–He solids is on the order of 0.2 mK, which is simil
to that for a very light aerogel (;0.3 mK in 0.5% dense
silica arogel15!. Note that Fig. 12 reflects the fact that th
attenuation peak in bulk helium is;0.08 mK below thel
point.31

IV. DISCUSSION AND CONCLUSION.

Im–He solids have opened up a variety of intriguing po
sibilities for experimental investigations of the quantu
properties of helium, as well as for studying atoms, m
ecules and small clusters stabilized in solidified heliu
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These studies provide a new perspective for matrix isola
in solidified helium. The big advantage of the Im–He soli
is that a large variety of atoms or molecules can be use
build the ‘‘backbone’’ of the Im–He samples. It also appea
that, depending on the preparation conditions, samples
different nanostructures can be prepared. To understand
properties of the Im–He samples it is necessary to determ
their microscopic structure.

In the present work, we have been investigating the str
ture of the porous Im–He solids by means of ultrasou
propagation through liquid helium contained in the pores a
via x-ray diffraction studies. Upon the introduction of impu
rity particles in superfluid helium the single impurities
small clusters of impurities surrounded by a couple of lay
of localized helium play a dominant role. The early ESR a
optical spectroscopy data7,10 are consistent with this idea
These small Im–He clusters are believed to be assem
into a highly porous structure consisting of clumps co
nected by strands. If the impurity clusters are very close
one another, then a fairly rigid structure might exist. Th
porous structure would then have some features in comm
with aerogel, which has been extensively used in the stu
of superfluid helium in constricted geometries. Our analy
of the x-ray and ultrasound data in this work is consist
with the above description. We found that the heavier imp
rities ~Ne, N2, Kr! tend to create clusters of order 5
620 Å to form mesoporous material with an estimated i
purity density;1020 cm23. In our ultrasound experiments
wide distribution of the pore sizes from 80 to 8600 Å we
observed. This data was confirmed by small-angle x-ray s
tering, where we established the presence of the pores f
80 Å to .400 Å.

Irreversible changes in attenuation upon heating
Im–He samples and in diffraction patterns during the war

FIG. 12. The behavior of attenuation~a! and velocity ~b! of
ultrasound in liquid helium nearl point: in bulk ~open circles!, in
D2–N2–He solid ~open triangles!. For the D2– N2–He solid the
attenuation is shifted up by 10 dB/cm.
7-10
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STRUCTURAL STUDIES OF IMPURITY-HELIUM SOLIDS PHYSICAL REVIEW B65 024517
ing above Tl are attributed to thermal diffusion: As th
samples warm, thermal diffusion of helium atoms in the s
rounding coatings and of the impurities themselves spe
up. The impurity clusters slowly grow in size. This effect
enhanced by release of the heat of aggregation of the im
rity clusters. This effect has also been studied by opt
spectroscopy belowTl .10 A dramatic increase in the growt
rate of the impurity clusters is expected to occur for tempe
tures above the superfluid transitionTl because the therma

FIG. 13. The model of Im–He solid formation:~A!. On forma-
tion, the impurities are mainly isolated from one another by heli
atoms in the solid~black circles!. Superfluid liquid helium con-
tained in the pores~gray circles! transports heat efficiently.~B! As
the sample is warmed up, diffusion allows impurities to aggreg
slowly. The associated heat is carried away by superfluid heli
~C!. As the sample is warmed above theTl , the diffusion rate
increases. Larger aggregates form. The heat of aggregation ca
longer be carried away by liquid helium forT.Tl . More diffusion
takes place and even larger aggregates form.
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conductivity of liquid helium in the pores becomes drama
cally smaller as the sample is heated throughTl . Thus the
heat of aggregation can lead to local hot spots which cont
ute to higher diffusion rates in these localized regions
situation which is favorable to the formation of larger imp
rity clusters. It is therefore to be expected from this cru
model that heating the sample aboveTl and then cooling
back would lead to irreversible behavior. This is exactly wh
has been observed in the present work. The expected
evolution according to this model for a sample is sho
schematically in Fig. 13.

For the case of atomic free radical impurities, the ve
large amount of heat released during molecular recomb
tion enhances the effects described above. For very high
centrations of free radicals, the sample will spontaneou
explode. Theoretical studies of the stability of atomic fr
radicals~such as N atoms! in a molecular solid (N2) were
reviewed by Jackson many years ago.32 A static statistical
theory showed that radical concentrations up to 10% w
possible. On the other hand, a dynamical statistical the
involving chain reactions gave maximum concentrations
N in solid N2 of less than 0.1%. Further analysis of therm
stability of small specimens~size ,1 mm) of molecular
nitrogen which contain trapped nitrogen atoms gave an up
limit of 1% for concentration of N atoms.33 The Im–He sol-
ids greatly exceed this latter limit, as mentioned above.

The importance of this work is that it shows quite clea
the necessity of maintaining the impurity–helium solids
temperatures below the lambda temperature to prevent
cessive recombination for the free radical impurities and a
to prevent structural changes in all samples. This is es
cially significant for purposes of any applications requiri
energy storage.

The work described herein provides new opportunities
explore various types of interesting behavior for a new se
porous materials. For example, the superfluid transition
helium can be studied within the constrained geometries
the impurity–helium solids. We observed a definite broad
ing in the l peak in measurements of sound attenuation
temperature. This broadening increases with increas
sample density. A small shift of thel transition temperature
(DT;0.2 mK) was first noted for D2–N2–He samples.
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