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We report on an electron spin resonance study of H and D atoms stabilized in solid mixtures
of neon, molecular deuterium and hydrogen deuteride. We observed that H and D atoms can be
stabilized in pure HD and D2 clusters formed in pores of solid Ne as well as in a Ne environment.
Raising temperature from 0.1 to 1.3 K results in a rapid recombination of a significant fraction of
both H and D atoms in HD and D2 clusters. The recombination rate appears to be five and seven
orders of magnitude faster than in solid bulk samples of HD and D2, respectively. We explain this
recombination rate enhancement by melting of clusters of molecular hydrogen isotopes, similar to
what has been observed for atomic hydrogen in Hy clusters [Sheludiakov et al. Phys. Rev. B 97,
104108 (2018)]. Our observations do not provide evidence for a superfluid behavior of these clusters

at temperatures of 0.1-1.3 K.

I. INTRODUCTION

Superfluidity of liquid helium isotopes represents one
of the most spectacular macroscopic quantum phenom-
ena. A similar behavior was also predicted for an even
lighter spinless bosonic substance, para-hydrogen [1]. In
contrast to the helium isotopes which remain liquid down
to absolute zero, early solidification hinders onset of su-
perfluidity in bulk para-hydrogen where supercooling to
T ~ 1K [2, 3] is required in order to reach the superfluid
transition. Unlike bulk para-Hs, small (N <30) molecu-
lar hydrogen clusters are expected to remain liquid signif-
icantly below the bulk melting temperature (7;,=13.8 K)
and exhibit superfluidity [4]. This was eventually con-
firmed for small (N ~15) para-hydrogen aggregates in
helium nanodroplets at T' ~0.2 K [5]. The freezing tem-
perature is proportional to the cluster size and may ap-
proach zero for very small clusters [6]. The aggregates of
a larger size containing ~10* molecules may still remain
liquid at temperature as low as ~1 K if prepared in the
transient metastable state [6], even though no superflu-
idity is expected for such clusters in a steady equilibrium
state [4],[7].

The bulk and cluster-size solids of other molecular hy-
drogen isotopes, fermionic HD and bosonic Ds, are ex-
pected to have a similar melting behavior even though
smaller zero-point energies should lead to higher freez-
ing temperatures for HD and Dy clusters as compared
to those formed from Hy [8]. Superfluidity was also pre-
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dicted for small (N ~10) clusters of ortho-Ds at temper-
ature about 1K [9]. The bosonic hydrogen species with
a non-zero nuclear spin, such as ortho-Hs, have a much
lower superfluid transition temperature due to a larger
spin-state degeneracy [1].

Small Hy clusters of a nanometer size can be prepared
using the gas expansion techniques [10] or stabilization in
a highly porous medium with a large specific surface area.
Clusters of a greater size can also be prepared by anneal-
ing hydrogen films quench condensed onto a cold sub-
strate [11, 12]. In our recent study [13], we observed that
a large number of such small molecular hydrogen clus-
ters can be accommodated in a porous matrix of quench
condensed solid neon films. In addition, an exceptionally
high recombination rate of H atoms in such Ho clusters
at temperatures 0.3-0.6 K provided evidence for a solid-
liquid transition in Hy clusters predicted for solid Hsy in
a restricted geometry [6].

In this paper, we present a detailed study of the be-
havior of H and D atoms in Ne matrices containing 1%
of HD and ortho-Ds, respectively, at temperatures 0.1-
1.3 K. We observed the ESR lines of H and D atoms as-
sociated with their trapping in clusters of pure HD and
D5 formed in solid neon. Similar to a dramatic temper-
ature effect on the ESR lines of H atoms in Hs clusters
formed in solid Ne reported earlier [13], we observed a
strong enhancement of D and H atom recombination in
Dy and HD clusters formed in Ne:1%Dy and Ne:1%HD
samples. However, this takes place at temperatures 0.9-
1.3K, slightly higher than that for the Ne:1%H> solid
solution. We also observed that the recombination rates
of H and D atoms in clusters of hydrogen isotopes in
this temperature range are nearly the same in contrast
to a drastic difference for the bulk solid samples at these
temperatures. We suggest that this observation supports
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FIG. 1. a) The sample cell schematic. b) Energy levels for H
(top row) and D atoms (bottom row) in a high magnetic field.
The electronic and nuclear spin states are labeled as |ms, mr),
respectively. The allowed ESR transitions are shown by solid
lines.

our conclusion on melting of molecular hydrogen clusters
formed in solid neon made earlier [13]. Based on the sim-
ilar behavior of H and D atoms in the fermionic HD and
bosonic para-Hs and ortho-Ds clusters, we conclude that
the clusters undergoing a solid-liquid transition are un-
likely to be superfluid within the temperature range of
our experiment.

II. EXPERIMENTAL SETUP

The experimental setup is based on an Oxford 2000
dilution refrigerator which accommodates a sample cell
(SC) (Fig.1a) and a 128 GHz ESR spectrometer [14].
The SC is placed in the center of a 4.6 T superconduct-
ing magnet and attached to the mixing chamber of the
dilution refrigerator to provide cooling. The main diag-
nostic tool in our experiments is a 128 GHz heterodyne
ESR spectrometer which enables a simultaneous mea-
surement of both absorption and dispersion parts of the
mm-wave susceptibility [15]. We will present only the
absorption part throughout this article. The ESR res-
onator in the sample cell has an open Fabry-Perot design
which also allows installation of the lines for condens-
ing neon-molecular hydrogen isotopes gas mixtures and
an auxiliary rf resonator (HNMR in Fig.1la). The top
ESR resonator mirror has a spherical shape and is made
of oxygen-free polycrystalline copper. The bottom Pd
ESR resonator mirror also serves as the top electrode
of a quartz microbalance (QM) which makes it possible
to measure simultaneously the ESR signals of H and D
atoms and determine the film thickness. The energy lev-
els of H and D atoms in a high magnetic field and their
allowed ESR transitions are presented in Fig. 1b.

We used neon gas of 99.99% purity which contains

100 ppm natural Ho admixture. The Ne:Ds and Ne:HD
gas mixtures were prepared at room temperature and the
solid films were deposited onto the top electrode of the
QM directly from a gas-handling system with a typical
rate of 0.1 monolayers/s. The substrate temperature dur-
ing the film deposition was stabilized at temperature 0.7-
1.3 K. Prior to that, a small amount of He gas ( ~mmole)
was condensed into a chamber below the quartz microbal-
ance in order to form a saturated helium film there. The
superfluid film flushes the bottom QM surface and re-
moves heat released during sample deposition. The QM
also provides an opportunity to detect possible superflu-
idity of deposited films which would decouple from the
quartz oscillations and lead to an increase of the QM
oscillation frequency.

The present sample cell was also used in our previous
studies of solid tritium films [16] and, as a result, a num-
ber of tritium atoms and molecules remained trapped in
the ESR mirrors and the copper walls of the sample cell.
The electrons released in S-decay of remaining tritium
dissociate a fraction of HD and D5 molecules in Ne:HD
and Ne:Dy solid samples, respectively, and discernible
ESR signals of H and D atoms can be observed after a
few hours of sample storage. We utilize this flux of elec-
trons resulting from tritium decay as the main method
for dissociation of hydrogen in the deposited films.

Along with the H and D atoms trapped inside solid
Ne:HD and Ne:Ds films, we were also able to create in
the sample cell D atoms in the gas phase. The reference
ESR lines of D atoms in the gas phase were employed for
determining the spectroscopic parameters of the D atoms
in Ne:HD and Ne:Dy samples. A separate chamber, the
so-called D-gas source (Fig. 1a), was arranged about 5 cm
above the sample cell body and a number of Dy molecules
was condensed there in advance [17, 18]. The fluxes of
D atoms in the gas phase are created by running a rf
discharge in the D-gas source. Prior to that, a small, ~ 1
pmole, amount of He gas is condensed into the sample cell
in order to initiate the discharge, while the superfluid He
film reduces recombination of the gas-phase atoms on the
sample cell walls and helps to stabilize a needed quantity
of the D atoms in the gas phase.

III. EXPERIMENTAL RESULTS

In the present paper, we extend our previous study of
Ne:Hy mixtures [13] to Ne:1%HD and Ne:1%D3 solid so-
lutions in order to acquire more information on the melt-
ing behavior of clusters of molecular hydrogen isotopes
and probe their possible superfluidity. The samples we
studied were stored at 7" ~90 mK, the lowest tempera-
ture attained in this experimental run, for a time period
of several days in order to achieve strong enough ESR
signals of H and D atoms (Figs. 2 and 3). Similar to our
previous work [13], we observed that the growth rate of H
and D atom ESR signals in the Ne:1%D> and Ne:1%HD
samples significantly exceeded the rate expected based on
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FIG. 2. (a) ESR spectrum of D atoms and trapped electrons
in Ne:1%D> after 2 days of storage. The electron line appears
as a shoulder on Component 2 of Dg. line. (b) ESR spectra
for the same sample after 1 week of storage. The electron line
becomes concealed by Component 3.
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FIG. 3. ESR spectra of D (a) and H atoms (b) in Ne:1%HD
sample.

the Dy and HD content in the neon matrix. The produc-
tion rates of H and D atoms in Ne:1%HD and Ne:1%Ds
samples were only a factor of two smaller as compared
to a pure Hy film of the same thickness. However, the
accumulation rates of H and D atoms scaled to the esti-
mated number of HD and Dy molecules in these samples
are nearly an order of magnitude greater than that for
pure Hs sample with no Ne present scaled to the number
of Hs molecules there as presented in Fig.4. This sup-
ports our observations made earlier [13] that a significant
number of secondary electrons is generated in solid neon
matrix bombarded by electrons released during decay of
tritium trapped in the sample cell walls. Secondary elec-
trons drastically increase the efficiency for dissociation of
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FIG. 4. Accumulation of H and D atoms in Ne:1%HD (blue
squares) and Ne:1%D2 (red circles) samples scaled to the esti-
mated number of HD and D2 molecules in these samples. The
accumulation rate of H atoms in a pure 2.5 ym Hs film scaled
to the number of Hz molecules there is shown by magenta
diamonds for comparison.

D5 and HD molecules in the solid matrix and sufficiently
enhance the H and D atom accumulation.

A. ESR spectra of D atoms in Ne:1%D> sample

The ESR spectrum of D atoms is a triplet of lines sep-
arated by 78 G due to hyperfine interaction between elec-
tron and nuclear spins. The ESR lines become broadened
due to the dipolar interaction of D atom electron spins
as well as by their interaction with the nuclear magnetic
moments of the host Dy molecules. The former contri-
bution to the line broadening is proportional to the D
atom concentration and can be used for determination
of their density [21]. In addition to that, the ESR lines
of D atoms acquire a composite structure with several
components originating from the D atoms located in dif-
ferent environments: in the clusters of pure Do, and in
two different positions in the Ne matrix similar to that
observed for the lines of H atoms in the Ne:Hy mixtures
[13]. However, in contrast to the Ne:Hs samples, the ESR
lines of atomic deuterium in the first two days of storage
could be fitted by only two components (Fig. 2a).

Unlike Do¢ and D,s lines, the central, Dg, line of
trapped D atoms in this sample possessed a broad shoul-
der at the high-field side (Fig. 2a) which we attributed to
trapping electrons in a pure Ne environment similar to
that observed in the ESR spectra center of Ne:Hs samples
in our previous work [13, 22]. The presence of a strong
deuterium Dg, line in the center of the ESR spectrum
(Fig. 2a) made it difficult to reliably distinguish a pres-
ence of the ESR line of electrons trapped in Dy clusters
[22] formed in the Ne:1%Ds sample.

It turned out that an additional broad, ~6 G wide,
component (C3) appeared in the ESR spectra of D
atom lines after storing the Ne:Ds sample for three days
(Fig.2b). We carried out the same procedure to deter-
mine the spectroscopic parameters for the C3 compo-
nent as that for C1 and C2 observed in the beginning
of storage. The extracted electronic g-factor for C3 is
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| A (MHz) |22(%) [width (G), fresh|[width (G), aged]

D in D2 clusters (Ne:1%D>)

Cl  [2.002300(10)| 218.1(1) | -0.07 0.7 0.9
C2  |2.002235(10)| 219.2(1) |+0.43% 1.1 14
C3 [2.002195(20) - - 6.3

free atoms|2.002284 [19]]218.256 [20]

D in HD clusters (Ne:1%HD)

Cl  [2.002264(10)

1.0

C2  |2.002225(10)

1.0

H in HD cluster (Ne:1%HD)

C1

0.8

C2+C3

3.4

TABLE I. Spectroscopic parameters and widths of D and H atom ESR line components measured in Ne:1%D2 and Ne:1%HD
samples. Parameters for C1 and C2 components of the D atom ESR line in Ne:1%D> film were determined for the fresh sample
(1-2 days of storage) and those for C3 after 7 days of sample storage. The parameters of H and D atom ESR line components
in Ne:1%HD film were determined after 2 days of storage. We were unable to reliably resolve the structure formed by the C2
and C3 components of H atom ESR lines in Ne:1%HD sample to separate out their contributions to the lineshape.

gcs = 2.002195(20). Component 3 had a much larger
width compared to Cl1 and C2 which made the deter-
mination of its spectroscopic parameters much less ac-
curate. For the same reason we were unable to make a
reliable estimate of the hyperfine constant for D atoms
corresponding to C3. The spectroscopic parameters for
all three components of the D atom ESR lines in this
sample are collected in Table 1.

B. ESR spectra of H and D atoms in Ne:1%HD
sample

The ESR lines of H and D atoms in the Ne:1%HD
sample formed a doublet/triplet separated by 507/78 G,
respectively, due to hyperfine interaction of their electron
and nuclear spins. ESR lines of both H and D atoms
in this sample possessed a complex structure similar to
that for H and D in Ne:1%H; [13] and Ne:1%D samples,
respectively, which allowed us to conclude that the H and
D atoms were stabilized in both pure HD (C1) and pure
Ne (C2, C3) environments. We did not observe formation
of a broad C3 component for D atom ESR lines in the
Ne:1%HD sample as compared to the Ne:1%D, sample
which may also be related to storing this sample for a
shorter time than that for the Ne:1%D3 sample. We were
also unable to reliably resolve the structure formed by
the C2 and C3 components of the Hy, line in Ne:1%HD
sample in order to evaluate their contributions to the
observed ESR line envelope. These components merged
into a single broad structure on the H,4 line where their
contributions could not be resolved unambiguously. The
ESR spectra of D and H atoms acquired while storing
this sample are presented in Fig. 3.

The C1 component of the H atom ESR lines had a
stronger amplitude as shown in Fig.3 as compared to
those of the D atoms which provides evidence of ongo-
ing D-H conversion due to the exchange tunneling reac-
tion D+HD—Dy+H taking place in the HD clusters [23].

However, the C2 components of both D and H atom lines
had approximately comparable amplitudes as expected
for their trapping in the pure Ne environment, where
this exchange reaction does not take place. While stor-
ing this sample, we were unable to stabilize deuterium
and hydrogen atoms in the gas phase and determine the
spectroscopic parameters for H and D atoms trapped in
the Ne and HD environments. The electronic g-factors
for the C1 and C2 components of D atom ESR lines for
this sample were estimated based on their shifts from
the line of electrons trapped in HD clusters formed in
solid neon. The g-factor of this reference line was con-
sidered to be equal to that for electrons trapped in the
pure Dy environment in the Ne:1%Dy sample. There is
no spin-orbit interaction associated with either H and D
atoms or molecules of hydrogen isotopes and the g-factor
of the ESR line of electrons trapped in these different
environments should remain the same. Some of the spec-
troscopic parameters obtained for both H and D atoms
in the Ne:1%HD samples are summarized in Table 1.

C. Effect of temperature and helium film

In our previous study of H atoms in solid Ne:Hy mix-
tures [13] we found that raising temperature from 0.1
to 0.3-0.6 K triggered nearly complete instantaneous re-
combination of H atoms trapped in Hs clusters formed
in solid neon. This effect turned out to be most pro-
nounced for the Ne:1%Hy sample where nearly 60% of
these H atoms recombined after raising the SC temper-
ature to 0.6 K. In this work, we carried out a series of
experiments to verify the effects of temperature on the
ESR line intensities of atomic deuterium and hydrogen
in similar solid mixtures in Ne of different hydrogen iso-
topes, Ne:1%Dsy and Ne:1%HD. The absolute values of
atomic concentrations, n, of H and D atoms in the HD
and Dy clusters in solid neon were estimated from the
known dependence of the ESR line broadening on con-
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FIG. 5. Effect of temperature and a superfluid helium film
on the central Dg. ESR lines of D atoms in Ne:1%D2 sample.
The other ESR lines of D atoms in Ne:1%Ds sample behaved
identically to the Dg. line and are not shown.
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FIG. 6. a) Time evolution of C1 component amplitude for
ESR spectrum of D atoms in Ne:1%D» sample at T=0.9 and
b) at T=1.3 K. No helium was condensed into the SC.

centration [24], and were in the range 5x 107 - 2x10!8
cm™? in this work.

Raising the SC temperature from 0.1 to 0.75K led to
an only insignificant, ~15%, decrease of C1 of the D atom
ESR lines in the Ne:1%D, sample (Fig.5). After that,
we cooled the cell back to 0.1 K and left the Ne:1%Ds
sample stored at this temperature. It turned out that C1
of the D atom ESR lines continued to grow at the same
rate and eventually recovered intensity after one day of
storage (Fig.5). A similar behavior of the H-line C1 was
observed previously in the Ne:1%Hy mixture which was
recovered after initially raising temperature from 0.1 K
to 0.3-0.6 K and subsequent cooling to 0.1 K [13].

At the next stage, we studied the influence of an unsat-
urated He film on the ESR spectra of D atoms. Compo-
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FIG. 8. a) Time evolution of C1 component amplitude for
the ESR spectrum of H atoms in Ne:1%HD sample at T=0.9
and b) at T=1.3 K. No helium was condensed into the SC.

nent 1 of the D lines in the Ne:1%Ds sample experienced
only a modest decrease of about 20% after condensing
the He film. However, raising the sample cell tempera-
ture further to 1.25 K resulted in a nearly complete, rapid
disappearance only of Component 1 in the Ne:1%Dy sam-
ple, similar to that observed for the Ne:1%H, sample af-
ter heating from 0.1 K to 0.85 K in the previous work [13].
Evolution of the D atom ESR lines in Ne:1%Dy upon
raising the sample cell temperature and condensing the
helium film is presented in Fig. 5. The C1 components of
the D atom ESR lines did not recover after pumping He
from the SC and storing the sample at T=0.1 K for three
days.

We also made a separate study aimed at resolving the
recombination kinetics of D atoms in D5 clusters at tem-
peratures of 0.9 and 1.3 K without condensing He into the
SC (Fig. 6a and b). The recombination of D atoms at the
former temperature was much less efficient and took place
with a clearly larger characteristic time. The recombi-
nation rate constants, k,, were estimated assuming the
second-order recombination process, dn/dt = —2k.n?,
the half-decay times found from Fig. 6 and the local con-



0‘6KCIUStTrS lg;(;?d ITE 13K Bulk, T=0.9 K| Exchange reactions at 7=4.2 K [25]
H:H [5(3)x 102 [13] 2x 10727 [24] 7.6x107%°
H:HD 5(3)x10~ 71 [4(2)x107*°| <3 x 10~*° 3.5x107 %7
D:D. 4(2)x10~ 21| 7(4)x 10721 | 3x10~*® [23] 1.2x1073°

TABLE II. Recombination rates of H and D atom in Hz, HD and D2 clusters formed in solid Ne and solid bulk samples. The
calculated rates of exchange reactions H+Hy—Ho+H, H+HD—HD+H and D+D2—D2+D are presented for comparison. The
recombination and exchange reaction rates are presented in units of cm3s™!.

centrations of D atoms in the Do clusters mentioned ear-
lier.

We were able to estimate the recombination rates
of D atoms in Dy clusters in the Ne:1%D, sam-
ple at both temperatures: k,=4(2)x10"*'cm?®s~! and
7(4)x1072tem3s™!, for T=0.9 and 1.3K, respectively.
The recombination rates obtained are several orders of
magnitude larger than those obtained for D atoms in
bulk solid D5 films at these temperatures (Table IT). This
leads us to the important conclusion that such anoma-
lously high recombination rates of D atoms result from
melting of Dy clusters formed in solid neon in accordance
to that observed in our previous work for Hs clusters in
the solid Ne matrix [13].

Similar results were observed for the Ne:1%HD sample.
After the sample had been stored for two days, we started
raising the temperature from 7=0.1 K in 0.1-0.2 K steps
up to 0.9K. We did not condense He into the sample
cell during this study. It turned out that only 20-30% of
atoms forming the C1 component of both H and D atoms
recombined at this stage (Fig.7). Raising temperature
further, up to 1.3 K led to a rapid, within several seconds,
recombination of nearly 50% of H and D atoms forming
the C1. The decay of C1 component of H atom ESR lines
as a function of time at 7=0.9 and 1.3 K in this sample
is shown in Figs.8a and b. The recombination behavior
of H and D atoms in HD clusters upon raising tempera-
ture turned out to be identical and the H:D ratio of their
C1 components almost did not change in the course of
this measurement as presented in Fig.7. The recombi-
nation rate constants, k., at for H atoms in HD clusters
at 7=0.9 and 1.3K were estimated in a manner simi-
lar to that described earlier for D atoms in Dy clusters.
We were able to estimate the recombination rate con-
stants for H atoms forming C1 component at T'=0.9 and
1.3K as k,=5(3)x1072*em3s~! and 4(2)x10~2%cm3s 1,
respectively. These recombination rates are much higher
than those expected for H and D atoms in bulk HD films
at these temperatures (Table II) and are close to those
estimated for the D atoms in Dy clusters in Ne:1%Ds
sample. Therefore, we conclude that rapid recombina-
tion of H and D atoms forming C1 can also be explained
by melting of HD clusters formed in solid Ne.

The recombined fraction of D atoms Ne:1%Ds sample
(about 30%) corresponding to C1 is significantly smaller
than those of H and D atoms forming C1 in Ne:1%HD
sample (50%) after raising SC temperature to T=1.3K.
This allows us to conclude that a significantly smaller

fraction of the Dy clusters melted at T'=1.3 K compared
to that in the Ne:1%HD solid mixture assuming that the
HD and Ds clusters have the same size distribution. We
did not observe any reproducible increase of the QM fre-
quency during rapid recombination of the H and D atoms
forming C1 in the samples we studied which might have
indicated possible superfluidity of melted D4 clusters.

IV. DISCUSSION AND CONCLUSIONS

We observed that D atoms may occupy different sites
in the Ne:1%Ds solid mixture corresponding to three
ESR line components with a slightly negative (C1) and a
clearly positive hyperfine constant change (C2) as com-
pared with the free atom value (A=218.256 MHz [20]).
The determination of spectroscopic parameters for C3
component was less accurate due to the larger linewidth.
Component 1 is characterized by the electronic g-factor
which nearly matches that of the D atoms in bulk Dq
samples and may be related to trapping in the pure Do
environment. The g-factors of components C2 and C3 are
smaller as compared to that of C1 which makes it possi-
ble to conclude that these two components correspond to
the D atoms trapped in the pure Ne environment. The
reduced width of C1 component, ~0.7 G, as compared to
that observed for D atoms in pure Do samples, ~1.3 G-
2.3 G [26, 27], may result from a smaller number, N <12,
of the nearest neighbors which might be expected for the
disordered sites in the vicinity of the pore surfaces. An-
other possibility would be a presence of a certain number
of Ne atoms in the vicinity of H and D atoms forming C1.
However, this would also decrease the electronic g-factor
for the D atoms forming C1 due to spin-orbit interaction
with the neighboring Ne atoms which was not observed.

In contrast to Components 1 and 2, the broad Com-
ponent 3 appeared in the ESR spectra of D atom only
after 3 days of storage. Similar behavior was observed by
Sharnoff and Pound who reported on a composite struc-
ture of the ESR lines of D atoms embedded in solid Do
[28] produced during S-decay of tritium admixed into
the deuterium gas before deposition. The ESR lines of
atomic deuterium in their study consisted of two com-
ponents with the widths of 2.2 and 11 G, respectively,
and were attributed to atoms occupying similar (substi-
tutional) sites in the Dy lattice. The authors suggested
that the larger width of the broader component may be
associated with the D atoms produced in the course of



dissociation of Do molecules and thermalized within the
distance of a few lattice constants. The larger widths of
both components as compared with our experiments, 0.7
and 6.3 G, respectively, may be attributed to the higher
D atom concentrations achieved in Ref. [28].

The ESR lines of H and D atoms in the Ne:1%HD sam-
ple had a structure similar to that in Ne:1%Ds sample.
We observed the ESR line components which can be as-
sociated with trapping H and D atoms in either pure HD
or Ne environments.

We also observed that a fraction of H and D atoms in
Ne:1%Ds and Ne:1% HD samples forming the C1 com-
ponent recombines upon raising temperature from 0.1
to 0.9-1.3K. The Cl1 component was also strongly di-
minished upon condensing an unsaturated He film into
the sample cell. The D atom recombination rates mea-
sured at 7=0.9 and 1.3K: k,=4(2)x10"*!cm®s~! and
7(4)x1072Lem3s™1, respectively (Table II), strongly ex-
ceed those measured for D atoms in bulk solid Dy sam-
ples, k. ~10"2cm®s~! [23], where recombination at
these temperatures proceeds on the time scale of hours
and days [23]. Similar to the above results, we did not
observe recombination of H atoms in bulk HD at 7=0.13-
1.3K [23]. We can estimate an upper limit for the re-
combination rate of H atoms in bulk HD in this tem-
perature range as 3x1072% ecm3s™! by comparing it to
the D atom signal decay due to isotopic exchange re-
action D+HD—Dy+H which rate, 3x10727cm3s™!, was
measured in Ref. [23]. The recombination rates of H
and D atoms in Hs, HD and Ds clusters turned out to
be comparable as presented in Table II. The H and D
atoms diffusion in the bulk molecular hydrogen solids is
governed by tunneling and a strong dependence of the
recombination rate on atomic mass should be expected.

Therefore, we suggest that the recombination of D and
H atoms occurs in the clusters of molecular deuterium
and HD formed in the Ne:1%Ds and Ne:1%HD solid mix-
tures which melt after raising the temperature from 0.1 K
t0 0.9-1.3 K. The D5 clusters formed in the Ne:1%D4 sam-
ple have higher melting temperatures than those of Ho
and HD clusters and, as a result, a much smaller frac-
tion of the C1 atoms recombines in Ne:1%Ds sample as
compared with those in Ne:1%HD and Ne:1%H, samples
assuming that the Dy and HD clusters have the same size
distribution.

The recombination rates of H and D atoms embedded
in clusters and bulk Hy, HD and D, samples are summa-
rized in Table II. The recombination rates for H and D
atoms in clusters of hydrogen isotopes exceed those for
bulk solid samples by 5-7 orders of magnitude at the same
temperatures. The H and D atom diffusion in the solid
hydrogens at T' < 1 K proceeds via a repetition of tunnel-
ing exchange reactions H+Ho—Ho+H, H+HD—HD-+H
and D+Dy—Dy+D [29]. The rates of these exchange re-
actions in the gas phase [25] at low temperatures provide

an upper limit for the recombination rates of H and D
atoms in the solid molecular hydrogens. The recombina-
tion rates for H and D atoms in the clusters of hydrogen
isotopes measured in our work exceed these rates (see
Table II) by several orders of magnitude which allows us
to conclude that another diffusion mechanism takes over
which might be expected in the case of cluster melting.

The influence of a helium film which suppresses accu-
mulation of H and D atoms still requires further inves-
tigations. The decrease of the melting temperature for
clusters compared to that of bulk materials (7;,=16.6
and 18.7K, for solid HD and Dy respectively) is closely
associated with surface effects playing a crucial role in
clusters due to their much higher surface-to-volume ra-
tio [30]. We did not observe accumulation of H and D
atoms in the clusters of hydrogen isotopes after condens-
ing helium into the sample cell even after the He film
was evacuated from the sample cell. We suggest that a
monolayer-thick solid He film could still remain in the
sample pores and provide cooling conditions to hydrogen
clusters bombarded by electrons released from the sample
cell walls in the course of tritium decay. Although such
a He film is not superfluid, it may provide better cooling
for hydrogen clusters due to a smaller Kapitza resistance
for Hy/He interfaces compared to that of Hy/Ne. As a
result, the Ho molecules excited by incident electrons can
still relax back to the ground state without being disso-
ciated.

In the conclusion, we observed formation of molecu-
lar Dy and HD clusters in the Ne:1%Ds and Ne:1%HD
samples similar to Hy clusters observed previously in the
Ne:1%H, solid mixture. The H and D atoms trapped
in such clusters rapidly recombine upon raising the sam-
ple cell temperature from 0.1 K to 0.8-1.3 K. It turned
out that the recombination of H and D atoms in the
HD clusters and D atoms stabilized in the Do clusters
formed in the Ne:1%D> sample takes place at a temper-
ature higher than that for H atoms in the Hy clusters
formed in the Ne:1%Hs sample. In addition to that, we
observed a synchronous recombination of H and D atoms
in the HD clusters with similar recombination rates. This
corroborates our conclusion that the clusters of molecu-
lar hydrogen isotopes experience a solid-liquid transition
upon raising the temperature from 0.1 to 1.3 K. We also
suggest that such clusters do not undergo a superfluid
transition and remain in a normal state at the tempera-
tures of our experiment.
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