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Abstract

We report on electron spin resonance studies of H atoms stabilized in solid H, films
at temperature 0.7 K and in a magnetic field of 4.6 T. The H atoms were produced by
bombarding H, films with 100 eV electrons from a radiofrequency discharge run in
the sample cell. We observed a one order of magnitude faster H atom accumulation
in the films made of para-H, gas with a small ortho-H, concentration (0.2% ortho-H,)
as compared with those made from normal H, gas content (75% ortho-H,). We also
studied the influence of ortho-H, molecules on spatial diffusion of H atoms in solid
H, films. The spatial diffusion of H atoms in both normal and para-H, films is faster
than the diffusion obtained from the measurement of H atom recombination. The rate
of spatial diffusion of H atoms in para-H, films was slower in comparison with that in
the normal H, films. We discuss possible explanations of these observations.

Keywords Solid molecular hydrogen - Hydrogen atoms - Diffusion - Electron spin
resonance

1 Introduction

Hydrogen atoms embedded in solid molecular hydrogen represent a special type

of quantum solid. Pure solid molecular hydrogen is characterized by the de Boer
parameter equal to 1.23 [1] and demonstrates unique quantum properties. There
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are two possible values for the total nuclear spin, I, of a hydrogen molecule:
I=0and 7 =1 [2]. Molecules with a nuclear spin / = 0 are para-molecules and
molecules with a nuclear spin I = 1 are ortho-molecules. The wavefunctions of
para-molecules have a spherical symmetry, whereas the wavefunctions of ortho-
molecules have a p-shape and can be considered as defects in a solid para-H,
lattice. Normal molecular hydrogen corresponds to an ortho-para-composition of
H, gas at 300 K and contains 25% of para-H, and 75% of ortho-H,. The low-
est energy state of para-H, is 170.5 K lower than that for ortho-H, [2]. After
normal solid molecular hydrogen is cooled down to low temperatures, the pro-
cess of ortho-para-conversion takes place with a rate ~ 1.9% per hour. Natural
ortho-para-conversion leads to a reduction in number of ortho-H, molecules from
75 to 5% in 40 h [2, 3]. Initial ortho-content in solid H, films can be changed by
preparing samples from hydrogen gas stored as a liquid in a low-temperature o/p
converter packed with a paramagnetic Fe(OH); catalyst. The processes of quan-
tum diffusion of ortho-molecules in para-hydrogen were studied by nuclear mag-
netic resonance (NMR) [4—-6] and infrared (IR) spectroscopy methods [7, 8]. The
diffusion of ortho-H, molecules results in formation of clusters of ortho-mole-
cules (dimers, trimers, and so on) in para-H, samples [4—-6].

Embedding light H atoms in solid H, allows creating a system with even more
pronounced quantum properties than pure solid hydrogen. The de Boer parameter
for a system with H atoms in para-H, is equal to 2.22 which is even larger than that
for solid *He (2.05) [1]. A hydrogen atom has an electron spin S = 1/2 and a nuclear
spin I = 1/2, which makes it particularly convenient to use methods of NMR and
electron spin resonance (ESR) to study processes involving hydrogen atoms. The
first studies of H atoms embedded in solid H, were performed in the mid-1950 s
[9, 10]. The motivation of these studies was an achievement of a high concentra-
tion of stabilized H atoms in solid H, for the possible application as a rocket fuel.
The concentrations of H atoms in solid H, of order 7.5% were necessary to achieve
an advantage over existing chemical fuels [11]. In these first experiments, the H
atom concentrations of order 0.01% were reached thus making impossible practical
applications of H-H, solid mixtures. It was also found that the small concentrations
obtained decreased due to recombination of H atoms in solid H, at low temperatures
[10].

An interest in studying H atoms in H, solids was renewed following a theoretical
consideration of quantum diffusion of light impurities in quantum solids [12-14]. It
was predicted that at low enough temperatures an impurity inside a crystal becomes
delocalized and may freely move within certain energy bands similar to conduction
electrons in metals. The phonon-assisted mechanism for so-called physical diffu-
sion of H atoms when they tunnel through the potential barriers in the H, crystal
lattice was suggested [15]. For the case when a single phonon is involved, a lin-
ear dependence for the recombination rate of H atoms in solid H, on temperature
was first predicted [16] and later observed experimentally in the temperature range
1.3-4.2 K [17-19]. However, measurements of the recombination rate of H atoms in
solid H, at temperatures below 1K did not follow a linear temperature dependence
and showed a substantial decrease of recombination rate upon lowering temperature
below 1 K [20-23].
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Alternatively, the migration of H atoms in solid H, was explained by the quan-
tum tunneling exchange chemical reaction H + H, — H, + H [24-26]. This reaction
provides a chemical diffusion mechanism for H atoms to move from one lattice site
of solid H, to another. When introduced into solid hydrogen, H atoms are confined
in potential wells in the molecular H, lattice. The barrier height for this reaction is
4600 K [27], which is significantly larger than that for the physical diffusion of H
atoms in solid H, (100 K). On the other hand, the potential barrier for the exchange
tunneling reaction H + H, —H, + H is significantly narrower. Theoretical calcu-
lations of the rate constant for exchange tunneling reactions of hydrogen atoms in
H, provide values close to those observed in the experiments [28-30]. Moreover,
measurements of the recombination rate of H atoms at temperature 1.3 K and pres-
sures from O to 13 MPa did not show any dependence of the recombination rate on
pressure [31]. These results could not be explained in the framework of physical
diffusion of H atoms which should be suppressed with increasing pressure, thus sup-
porting the mechanism of chemical exchange tunneling of H atoms.

Recombination of H atoms in the H, lattice consists of two stages. The first
stage is quantum diffusion of H atoms toward each other and the second stage is
the recombination when two atoms occupy neighboring positions in the H, lat-
tice. There is no barrier for the H atom recombination at the second stage, but to
approach each other and reside in the closest lattice sites during the first stage, two
H atoms should tunnel through a high barrier. When the H atoms are far from each
other, the energy levels of the adjacent lattice sites are equal and the resonant tun-
neling occurs. However, when two atoms approach each other, the energy levels
became distorted by their interactions. The energy level mismatch increases when
atoms approach each other and reaches values of order tens of Kelvins for two atoms
in the neighboring lattice sites thus slowing down the H atom diffusion toward each
other [32]. Previously, all conclusions about the rates of H atom quantum diffusion
in solid H, were obtained from the measurement of their recombination rates. For
the diffusion-limited H atom recombination, the relation between recombination rate
(k,) and diffusion coefficient (D,) is represented by the formula k. = 47a,D,, where
ay = 3.78 A is a lattice constant of solid H,. We analyzed all data obtained during
measurements of recombination rates for a temperature range 3.6-0.15 K and calcu-
lated the diffusion coefficients. In this temperature range, the diffusion coefficients
obtained from the H atom recombination spanned from 1.6x10~!7 to 1.6x10~'° cm?
s~! with a tendency to decrease with lowering temperature [17, 19-26, 33-36]. The
relative concentrations of H atoms in solid H, (ny/ny,) were in the range 1074-1072.
At the same time, it is known that at temperature 0.8 K, the spatial diffusion coef-
ficient, Dy, of *He atoms in solid “He measured by the NMR spin-echo technique
was found to be in the range from 5x1077 to 5x1071° cm?s~! when the relative con-
centration of *He (nsp/niyy,) was increased from 5x107* to 5x1072 [37, 38]. The
*He atoms diffused in solid “He by interchanging their positions with adjacent *He
atoms. This is completely different from the diffusion of H atoms in solid H,where it
is governed by the tunneling exchange chemical reaction. In any case, the observed
difference in the values of diffusion coefficients for *He in solid “He and for H atoms
in solid H, obtained from recombination measurements is ten orders of magnitude.
We might expect than the pure spatial diffusion of H atoms in solid H, is much
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faster than that obtained from recombination measurements. H atoms can move
through the H, matrix faster if they avoid one another and do not create mismatches
between the energy levels in the neighboring potential wells of the H, lattice crystal-
line field. For the measurements of spatial diffusion, a gradient of H atom concentra-
tion should be created, and the process of H atom propagation into the region with a
low H atom concentration should be monitored.

In the first attempt to study spatial diffusion, H atoms were produced in the dis-
charge which was applied in the vicinity of a solid H, sample placed in the X-band
ESR cavity [39]. Initially, the H atoms were produced in a less sensitive part of the
ESR cavity. After waiting for 100 h, the H atoms diffused toward the most sensitive
central part of the cavity, and the H atom ESR signal was observed. The H atom con-
centration obtained from the ESR spectra was of order n;; ~10'3 cm™. These studies
indicated a process of the H atom spatial diffusion, but did not provide fully reliable
quantitative values for the spatial diffusion rate. Other attempts to measure the pure
spatial diffusion of H atoms in solid H, at temperature 1.3-4.4 K were based on
studying the influence of H atoms on ortho-para-conversion [40, 41]. Unfortunately,
it was found that small concentrations of H atoms in solid H, did not influence natu-
ral ortho-para-conversion. Recent studies of diffusion-limited chemical reactions of
H atoms with simple organic and inorganic molecules trapped in solid para-hydro-
gen [1, 42-44] presented important evidence for tunneling of H atoms in solid H,
and the influence of lattice defects on H atom localization, but did not provide any
information on pure spatial H atom diffusion.

In our recent work, we performed the first measurements of the pure H atom spa-
tial diffusion in solid H, at temperature 0.7 K [45-47]. We measured two different
diffusion coefficients of H atoms in solid H, in the same experiment. From study-
ing recombination of H atoms, the recombination diffusion coefficient D, was calcu-
lated. Additionally, we determined the spatial diffusion coefficient, Dy, by studying
propagation of H atoms created at the film surface deeper into the film bulk. The
coefficient of spatial diffusion of H atoms in normal solid H, was found to be more
than two orders of magnitude larger than that obtained from the H atom recombina-
tion [45, 46]. These result showed that in the gradient of concentration, H atoms
move through the H, matrix faster because they avoid one another and do not create
an energy level mismatch in the neighboring potential wells of the H, lattice crystal-
line field. In this manuscript, we provide a review of experimental work on studying
spatial diffusion of H atoms in solid H, and focus on the influence of ortho-H, mol-
ecules on the H atom accumulation and spatial diffusion in solid H,.

2 Experimental Setup

A block diagram of the cryogenic part of our experimental setup for studies of quan-
tum diffusion of H atoms in solid H, is shown in Fig. 1. The experimental setup
is based on a commercial Oxford 200 dilution refrigerator. The sample cell (SC)
is attached to the refrigerator mixing chamber and located in the center of a 4.6 T
superconducting magnet and can be cooled down to 100 mK [48, 49]. In order to
perform experiments in a magnetic field gradient, we arranged a separate gradient
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Fig. 1 Block diagram of the experimental setup [23]

coil assembly able to create in the SC an axial magnetic field gradient of up to ~
30 G/cm. The SC consists of the main volume with an open design 128 GHz ESR
Fabry—Pérot (FP) resonator and a 910 MHz NMR helical resonator (HNMR) (see
Fig. 2a and b) [49]. The top spherical ESR resonator mirror is made of silver-plated
polycrystalline copper, while the flat bottom mirror is a gold film with a thickness
of 400 nm deposited on a single-crystal quartz disk. The flat mirror also acted as the
top electrode of a quartz microbalance (QM) [49]. Such a SC design made it pos-
sible for us to simultaneously measure the H, film thickness by the QM and detect H
atoms by means of the 128 GHz ESR spectrometer [50].

The sample cell design also allows a two-stage ESR resonator frequency tuning.
First, we performed a coarse (up to 10 GHz) frequency adjustment at room tempera-
ture using a miniature bronze bellows (Fig. 2a) and a set of fixing screws [49]. In
addition to that, the cavity frequency could be fine-tuned in situ at low temperatures
(A f ~ 1 GHz) using a system of edge-welded stainless steel bellows and a titanium
Attocube ANPz101/LT piezo positioner.

The FP ESR resonator is connected to a 128 GHz ESR spectrometer [50] through
a waveguide assembly. The H NMR coil was used to create H atoms in the H, films
by running a discharge in helium gas in SC as well as to initiate an NMR transition
of H atoms in the H, films. For running the discharge, a few-watt rf pulses were
sent to the H NMR coil with a typical pulse duration of 0.1 ms and duty cycle of
1/200. The electrons created in the discharge have energies of order 100 eV which is
enough to dissociate H, molecules in a solid hydrogen film in the layer of ~ 100 nm
[48].
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Fig.2 a Sample cell schematic, b Drawing of a lower part of the sample cell [49]

The samples of H atoms in solid H, were prepared as follows. First, we con-
densed a few umoles of He in the auxiliary volume under the QM. At temperatures
of our experiments, helium formed a superfluid film which flushed the bottom QM
surface and removed heat released during the sample deposition and recombination
of H atoms in the H, films. After that, we proceeded to deposit a solid molecular
hydrogen film onto the QM top electrode either directly from a room temperature
gas-handling system or by re-condensing it from the dissociator chamber (Fig. 2a).
In the latter case, we filled the dissociator chamber with a few tens of mmoles of H,
gas in advance. Then, we initiated the film deposition by heating the dissociator to
a temperature of 5-6 K. At these temperatures, the H, vapor pressure becomes high
enough to build up a solid H, film on the QM surface. The SC temperature during
the film deposition was stabilized at 0.5-1 K with a typical hydrogen gas flow rate,
equivalent to the H, film growth of about 0.1-1 monolayer/s. Creating thick films
of the order of 1 mm required order of magnitude faster rates, which were obtained
using the deposition from room temperature gas-handling system. Using these
regimes, we were aiming to create uniform polycrystalline films with a low local
inhomogeneity and thicknesses from a few nanometers to about a millimeter [23].

Unfortunately, the QM performance degraded during the H, film deposition.
Using the QM, we could measure film thicknesses up to 20pm. In order to deposit
H, films of a greater thickness, we stabilized the H, gas flow in the beginning of
deposition using the QM and then continued the accumulation. In this case, the film
thickness was estimated from the deposition time considering that the H, gas flow
into the SC did not change. After creating the H, film, we stabilized the SC tem-
perature at T = 0.7 K and condensed a few pmoles of helium gas into the SC to start
the rf discharge in helium vapor using the helical resonator (HNMR in Fig. 2a and
Fig. 2b). The electrons created during the SC discharge bombarded the H, films and
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dissociated a fraction of hydrogen molecules near the surface, thus giving rise to the
ESR signals of H atoms in solid H,.

Our FP resonator operated in the TEM,,js mode. A profile of the simulated mm-
wave field inside the FP resonator is shown in Fig. 3a. The mm-wave field distribu-
tion in the FP resonator could also be visualized directly by accumulating atomic
hydrogen gas inside the sample cell. The gas phase H atoms fill the whole SC vol-
ume, and their ESR signals measured in the magnetic field gradient directly follow
the distribution of the oscillating magnetic field in the cavity (Fig. 3b). As a result,
the ESR spectra of gas phase H atoms have six components when a magnetic field
gradient is applied [23]. Each maximum corresponds to an antinode of mm-waves in
the resonator. The distance between the spherical and flat mirrors in the resonator is
equal to 6.7 mm. The distance between the antinodes is ~ 1.3 mm.

Our sample cell and ESR resonator were designed for studies of a spatial diffu-
sion of H in thick H, films covering two adjacent maxima of the mm-wave mag-
netic field above the flat mirror. A typical film thickness should correspond to the
antinode separation and, thus, be ~ 1.3 mm. The upper surface of an H, film should
be at the second maximum of the mm-wave field above the flat mirror. By running
the discharge in helium gas above the film surface, a layer with a high concentra-
tion of H atoms should be created (shown as a red line in Fig. 3a and b). The initial
thickness of this layer of H atoms will be equal to ~100 nm, which is determined by
the penetration depth of electrons from the discharge. By applying a magnetic field
gradient, we could study evolution of the ESR signal from H atoms in two adjacent
mm-wave maxima: the one at the upper H, film surface, and that near the flat mir-
ror, respectively. A registration of the H atom ESR signal from the bottom antinode
would provide us with direct evidence for H atom spatial quantum diffusion. Moreo-
ver, time evolution of the ESR line components corresponding to both antinodes
would give us quantitative information on the spatial diffusion rate, Dy,. Along with
the HNMR in the SC, we also arranged a small rf resonator (f = 750 MHz) in the
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Fig. 3 a Distribution of mm-wave magnetic field in the Fabry—Perot resonator [23]. Red line corresponds
to the ~ 100-nm-thick layer with H atoms formed just after applying discharge. Blue region corresponds
to the thick (~ 1.3 mm) layer of solid H,. b ESR a—d transition spectra of H atoms in gas phase in axial
magnetic field gradient of 25 G/cm. The spectrum reflects the axial profile of the mm-wave H, field in
the resonator
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hydrogen dissociator chamber (Fig. 2a). By running the rf discharge in the dissocia-
tor, we could send a flux of atomic hydrogen gas into the SC volume. We used the
ESR signals from H atoms in the gas phase to calibrate the ESR line areas of H
atoms in solid H, and calculate an absolute number of H atoms in hydrogen films
[49]. In this work, we also used a concentration-dependent ESR line broadening due
to a dipolar interaction between the electrons spins of H atoms to estimate the local
concentrations of hydrogen atoms in the H, films [22].

3 Experimental Results

In our first attempts to study spatial diffusion of H atoms in solid H,, we tried to
build millimeter thick H, films. A ~ 1.3 mm molecular hydrogen film grown on a
flat mirror shifts the FP resonator frequency by about 2.5 GHz. Our high frequency
ESR spectrometer has a limited frequency range (128 + 0.5 GHz) defined by the
mm-wave band-pass filter [S0]. That is why we developed a SC with the possibility
to compensate for a frequency shift resulting from the creation of a thick film.

The ESR frequency adjustment was done in two steps. First, we performed a
coarse FP resonator frequency tuning at room temperature before closing the vac-
uum can of the dilution refrigerator using the bronze bellows and a system of fix-
ing screws. The distance between the mirrors was adjusted in a way such that the
SC cooldown and H, film deposition would bring the cavity frequency back into
the frequency range of our ESR spectrometer. The resonator frequency fine-tuning
was performed at low temperature by adjusting the mirror spacing with the piezo
positioner. Unfortunately, such a procedure does not allow following the cavity reso-
nance shift all the way upon cooldown and during the film growth, while it is out-
side the spectrometer bandwidth. After finishing the deposition, the cavity resonance
became poor, probably due to the large amount of solid H, on the FPR mirrors and
cavity coupling orifice. Clear identification of the cavity mode was not possible.

We tried to run the discharge and recorded ESR spectra selecting the best candi-
date for the cavity mode. We were able to make a registration of H atoms in the gas
phase. The ESR lines of the gas phase atoms were very broad and contained several
peaks even without applying any magnetic field gradient. This could be a result of
a wrong FPR mode identification. No ESR lines were detected after stopping the
discharge and destroying gas phase H by recombination. Our attempts to detect H
atoms in the solid thick H, films were unsuccessful. Similar problems with building
a uniform thick H, film on the flat mirror of FPR are described in our previous work
[51], where we succeeded to create only an order of magnitude thinner (~ 100 pm)
samples of H in H,. In the course of experiments, it was found that the films of order
0.1-2.5pm do not create large shifts and disturbances to the FP resonances. H atoms
in thin solid H, were easily observed, and the process of their accumulation could be
studied in great detail. Therefore, we focused our work on studies of samples of the
pm size as described below.

Usually, the experiments were performed in the following order. First, we pre-
pared the H, film with a thickness of up to 2.5 pm. After that, we added 1pmol of
helium gas into the SC, started the rf discharge and stabilized the SC temperature
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at T ~ 0.7 K. Following that we monitored the ESR signal of H atoms in solid H,
during a period of time of more than two weeks. We studied eight H, films with
different thicknesses and different contents of ortho-H, molecules from 0.2 to
75% [45, 46]. In this article, we present a comparison of a normal-H, (75% ortho-
H,) and para-H, film (0.2% ortho-H,) with a thickness of 2.5pm to emphasize the
influence of ortho-molecules on the H atom accumulation and spatial diffusion.
The ESR spectra of H atoms in solid H, films grown from normal hydrogen and
para-hydrogen are shown in Fig. 4. The ESR spectra of H atoms for these films
consist of two asymmetric lines, H, and H,, separated by 507 G. Both lines could
be represented by a sum of two components, a narrow component (C1 in Fig. 4)
and a broad component (C2 in Fig. 4). Both doublets of the lines (C1-C1 and
C2-C2) are characterized by the same spectroscopic parameters, the electronic
g-factor and hyperfine constant A, which correspond to H atoms located in the
substitutional sites of the H, lattice [45]. The doublets have different linewidths
and appear shifted relative to each other. This allowed us to assign these doublets
to two ensembles of H atoms with different local concentrations: an ensemble

1llIllllllllllllIllllllllllll_
- Hyline =dy Hyline - ~2day-

Amplitude (arb.u.)

0 ey “ o
6420 2 4 6 6420 2 4 6
Magnetic field sweep (G)

Fig.4 ESR spectra of H atoms in 2.5pm normal (al and a2) and para-(bl and b2) molecular hydrogen
films (black lines). Spectra were taken after 2 days (al and bl) and after 7 days (a2 and b2) following
film preparation. Experimental lines can be fitted as a sum of two Lorentzian lines, narrow C1 and broad
C2. The sum of these fit lines shown with solid red lines for normal hydrogen film and with blue lines for
para-hydrogen films
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with a low local concentration of H atoms corresponding to the C1-C1 doublet
and an ensemble with a high local concentration of H atoms which corresponds
to the C2—C2 doublet [45, 51]. Figure 4 shows ESR spectra for H atoms in solid
H, films after two days of accumulation (al and b1l) and after seven days of accu-
mulation (a2 and b2). One can see that the broad components of the ESR spectra
continued to grow in contrast to the narrow components which stopped changing
after two days of accumulation. By monitoring time evolution of the ESR spec-
tra, we followed the local H atom concentrations and total number of H atoms
in the H, films by measuring the spectra linewidths and areas, respectively [23,
45]. Time evolution of the broad and narrow components shows that the width
of the narrow component (C1) corresponds to the local concentration of 5 x 108
cm™3 (195 ppm) and the width of broad component (C2) corresponds to the local
concentration of 1.25 x 10" cm™3 (580 ppm). Since the addition of the narrow
component to the linewidth and area of the experimental ESR lines is small and
did not change after the first two days of accumulation, we fitted the experimental
spectra with a single Lorentzian line. This provided information on the behavior
of the region in H, films with a high concentration of H atoms.

We studied the H atom accumulation in both normal and para-H, films. Figure 5
shows a dependence of the local concentration of H atoms in normal and para-H,
films on time during the first two days of H atom accumulation. In both films, the
local concentrations were saturated at the level n,,,=1.25 x 10! cm~3. However, the
time to achieve the maximum local concentration was substantially different. In the
para-H, film, the saturated value was obtained rather fast, after ~ 5 h but in the nor-
mal H, film, this value was achieved after a longer period of ~ 2 days. The saturation
of local concentration is determined by an equilibrium between the rate of H atom
production due to a discharge and their disappearance due to recombination. The
rates of atom production were determined at the early stage of accumulation from
the slope of the lines shown in Fig. 5 for the condition when recombination of the
H atoms was negligible. In the para-H, film H atom production rate, k., is equal to

10" cm3s~! and in the normal H,, film H atom production rate is more than one order

magnitude lower, k,, = 6 x 10" cm’s~! [46].
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Fig.5 Dependence of local concentration of hydrogen atoms during early stage of accumulation in nor-
mal (red filled circles) and in para-(blue filled squares) H, solid films
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A time dependence of the local concentration and absolute number of H atoms
in the normal H, film during a longer period (16 days) is shown in Fig. 6. From the
graphs in Fig. 6, we can find two distinct stages in the H atom accumulation. During
the first stage, which lasted 2.5 days, running the discharge led to a linear increase
in the H atom local concentration (see Fig. 6a) and absolute number of H atoms in
the film. During the second stage which lasted all the remaining 13.5 days of accu-
mulation, the local concentration became saturated and did not increase anymore
(see Fig. 6a) although the absolute number of H atoms in the film continued to grow
steadily as shown in Fig. 6b.

The ESR line shape and the observed time dependencies of the absolute number
of atoms and local concentrations of H atoms in solid H, film allowed us to suggest
the following qualitative model of H atom accumulation. During the first accumula-
tion stage, a layer of high concentration of H atoms was formed under the H, film
surface. The energy of electrons produced in the discharge above the H, film is 100
eV was sufficient to penetrate into the film and dissociate molecules in the layer
within a depth of up to 100 nm. The growing linewidth of the C2 component cor-
responds to an increasing concentration of H atoms in this 100 nm layer (shown
red in Fig. 7a). The narrow C1 component corresponded to H atoms which propa-
gated into the bulk H, film beyond the surface layer, forming the front of H atom
propagation into the H, film bulk (shown pink in Fig. 7a). In this region, the local
H atom concentration is smaller than that in the layer with a high concentration of
H atoms. At the end of the first stage of accumulation, the local concentration is
saturated due to equilibrium in the production H atoms and their recombination in
the H, film. During the second stage the linewidth of C1 and C2 components did not
change, providing evidence that the local concentrations in the highly concentrated
layer and in the front of this layer are constant. However, the integrals of the C1 and
C2 components showed that the number of H atoms in these two different regions of
the film behaved completely differently. The C1 component integral was constant,
whereas the integral of the broader C2 component continued to grow steadily. This
last observation led us to a conclusion that the highly concentrated layer propagates
into the H, film due to the spatial diffusion and the number of H atoms in the front
of the highly concentrated layer did not change during the H atom accumulation. A

Fig. 6 a Time dependence of W T e
the local concentration of H
atoms in normal H, film (open ]
red circles). b Time dependence :
of the absolute number of H 2nd stage a) b
atoms in normal H2 film (filled cov v b v b v by | |:
red circles) T T T T T
- ]
R E
b 7
el b b b a1
5 7.5 10 12.5 15
Time (days)
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Fig.7 Schematic of the H, film grown on the lower flat ESR mirror. a 1. A high-concentration layer of
H atoms (100 nm) formed during the first stage of accumulation (red) 2. Low-concentration layer of H
atoms (pink) in the front of high-concentration layer. 3. H, solid film (blue color) empty of H atoms. b
An H atom concentration profile after 2 days of accumulation and corresponding to Fig. 4al. ¢ An H
atom concentration profile after 7 days of accumulation and corresponding to Fig. 4a2

schematic representation of the H atom propagation into the H, film bulk is shown
in Fig. 7b and c.

Following this model, we obtained quantitative characteristics for the H atom
recombination and spatial diffusion in solid H,. The H atom concentration change in
the film, dn(¢)/dt, can be described by the following differential equation:

dn(t)/dt = ky, — 2kn*(x, 1) — Dg,d*n/dx?, (1)

where ki, is a constant H atom production rate due to running the discharge, &, is a
recombination rate of H atoms in solid H,, D, is a coefficient of pure spatial dif-
fusion of H atoms into the bulk H, film, and x is the thickness of the H atom high-
concentration layer, respectively. An instantaneous H atom concentration can be cal-
culated by solving the differential equation (1). An analysis of the temporal behavior
of the local concentrations and absolute numbers of H atoms in solid H, films allows
us to calculate the above-mentioned characteristics.

At the beginning of H atom accumulation, when their concentrations were low,
the recombination and diffusion terms in equation (1) are small. As a result, the first
linear term, corresponding to the production of H atoms due to dissociation of H,
molecules by electron impact, dominates. From the slope of curve in Fig. 6b at the
beginning of accumulation, the production rate equal to k, = 6 x 10" cm’s™" was
determined.

As time progressed, the production term eventually becomes compensated by the
H atom recombination. This leads to saturation of the H atom local concentration as
shown in Fig. 6a. At this first stage, the H atom diffusion was negligible and the evo-
lution of the H atom concentration in time is described by the first two terms in Eq.
(1) [52]. The solution of this simplified equation is as follows:

n(r) = ny tanh(~1/7). 2)
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At the end of the first stage when dn/dt = 0, the production and recombination terms
become equal, leading to the equilibrium concentration:

g = \ kpr/Zkr (3)

with a characteristic time:

T =1/4/2k,k,. 4)
We calculated the recombination rate of H atoms in H, films as k. = &,/ 2n§q. The
calculated value for k, is equal to 1.8 X 1025 cm3s™!. The H atom recombination is a
diffusion-limited process with k. = 4zD.a,. The diffusion coefficient for H atom
recombination was directly estimated as D, = 4 x 107" cm?s~.

During the second accumulation stage, the intensity of the broad component C2
increased during the discharge, but its width remained constant (see Fig. 6a and
Fig. 6b). This corresponded to a gradual increase in the absolute number of H atoms
in the H, film, while the local concentration of H atoms ceased to change. We inter-
preted this as the propagation of the H atom high-concentration layer into the film
bulk which is characterized by the third diffusion term in Eq. (1). We obtained the
spatial diffusion coefficient Dy, as follows. We first calculated the penetration depth
of the H atom high-concentration layer into the H, film as a function of time, x(¢),
using the time dependence of the absolute number of H atoms shown in Fig. 6b
and the H atom local concentration. The latter was equal to 1.25 x 10" cm™ and
remained constant during the entire second stage of accumulation.

Nabs(t) = nloch(t)‘ (5)

Here, N, is an absolute number of H atoms in the H, film, n, is a local concen-
tration of H atoms in the high-concentration layer, S is the flat mirror surface area
where the H, film was grown and x(¢) is a penetration depth of H atom high con-
centrated layer into the bulk of the remaining H, film. The calculated time depend-
ence of the high concentrated layer penetration depth is shown in Fig. 8. For the
analysis of H atom diffusion at the second accumulation stage, we assumed a case of

Fig.8 A dependence of the H 03— T
atom high-concentration layer
thickness on time in the normal
H, film showing the H atom
spatial diffusion (red open
circles). Solid line represents a
fit according to the experimental
data using Eq. (6)

High-concentration layer thickness (j1 m)

[§IIII||III|IIII|IIII|IIII|IIII|I—
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@ Springer



Journal of Low Temperature Physics (2024) 215:336-356 349

one-dimensional diffusion of H atoms into H, film bulk with no radial gradient of H
concentration in the film during the discharge. In this case, the penetration depth of
H atom high-concentration layer was defined by a solution of Fick’s second law as

x@) =4/ 2Dgt. (6)

We obtained the value D, = 1.5 X 107" cm?~" by fitting the experimental data pre-
sented in Fig. 8 using Eq. (6). The ratio of two rates: the one of spatial diffusion and
that of diffusion leading to H atom recombination, DSlD /D,, measured at the same
temperature 7 = 0.7 K and with the condition of an ongoing discharge was found to
be 375. This provided evidence that the spatial diffusion measured under the condi-
tion when H atoms can avoid approaching each other is considerably faster than that
obtained from recombination measurements when H atoms have to approach each
other in order to recombine.

For understanding the effect of ortho-H, molecules on H atom spatial diffusion,
we also performed experiments with para-H, films. This allowed us to compare
the H atom behavior in para- and normal H, films. The experiment with a para-H,
film was performed under conditions identical to those used for the normal H, film
described above. First, we grew a 2.5-um-thick para-H, film on the flat mirror. After
that we started the rf discharge in the SC, while its temperature was stabilized at 0.7
K. The ESR signal from H atoms in the para-H, film was monitored during a time
period of 16 days. Time evolution of the local concentration and absolute number of
H atoms in the para-H, film is shown in Fig. 9 with blue filled squares. We also pre-
sent time evolution of the local concentration and absolute number of H atoms in the
normal H, film for comparison in Fig. 9 by red filled circles. From Fig. 9a, we can
see that the maximum H atom local concentrations achieved in the process of accu-
mulation are the same for normal and para-H, films, but the rate of achieving this
maximum concentration is an order magnitude faster in a para-H, film as discussed

Fig.9 Time evolution of the LSprrr e e
local concentrations of H atoms 125E ’ :

(a) and the absolute number of é_\' it ]
H atoms (b) in the normal H, S = E
(red filled squares) and para-H, E 075 E 3
(blue filled squares) 2.5pm films x E E
Es 0.5E ) _E
0.25 a =
OE....|....\H..|....|....|....|.E

3.5_I L | L ‘ T L 1
3E ;
o 25+ |
S L ]
X 7]
'k b) -
0.5 —
o b e L b 1
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earlier (see also Fig. 5). During the first six days of accumulation, the absolute num-
ber of H atoms in the para-H, film is larger than that in normal H, film. On the sixth
day, the absolute numbers in both films become equal, but after that the absolute
number in the normal H, film became somewhat larger than that in the para-H, film
(see Fig. 9b).

For analyzing the data for H atoms in para-H, film, we used the same approach as
for the case of H atoms in the normal H, film. We calculated the recombination rate
of H atoms in the para-H, film as k, = k,,./ 2n§q using data presented in Fig. 9a. The
calculated value for k, for H atoms in para-H, is equal to 3 x 1072* cm™3~!. This
value is 16 time larger than that for the normal H, film.

From the relation between the recombination rate of H atoms and the diffusion
coefficient, the diffusion coefficient D, was found to be 6 X 10718 cm2s~!. The diffu-
sion coefficient due to recombination in the para-H, film is 16 times larger than that
for the normal H, film. To obtain the spatial diffusion coefficient D;,, of H atoms in
para-H, from Eq. (5), we calculated the dependence of the penetration depth of the
H atom high-concentration layer into the para-H, film, x(¢), using the time depend-
ence of n,,, absolute number of H atoms in the para-H, film, shown in Fig. 9b, the
value of H atom local concentration, which was also equal to n;,. = 1.25 x 10" cm™
(see Fig. 9a), and the known surface area of the H, film grown on the flat ESR mir-
ror. The calculated time dependence of the penetration depth of the high-concen-
tration layer into the para-H, film is shown in Fig. 10 with blue filled squares. In
the same figure, we present a similar dependence for the normal H, film with filled
squares for comparison. From the fit of the penetration depth of the highly concen-
trated layer into the para-H, film, shown as a solid blue line in Fig. 10, by using the
Eq. (6), the value Dy, =5 X 107" cm?s~! was obtained. This value is 3 times smaller
than that for H atoms in normal H,. For H atoms in para-H,, the ratio of coeffi-
cients for spatial diffusion and for diffusion due to H atom recombination, DSp /D,,
measured at the same temperature 7 = 0.7 K and in the condition of ongoing dis-
charge is equal to 8.4. Results for accumulation of H atoms in para-H, still provide

rrrr[prrrr[prrrrprrr Tt

0.3

0.25

0.2

0.15

LTT [T T T T[T I [ TTTT]
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lIlIIIIIIIlIllllllllllllIllllll—

0 2.5 5 7.5 10 12.5 15
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Thickness of H-atom rich layer, x, (1 m)

Fig. 10 Time evolution of the thickness of the high-concentration layer of H atoms in normal H, (red
closed circles) and para-H, (blue filled squares) films. Blue and red solid lines represent the fits accord-
ing to the experimental data using Eq. (6)
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evidence that the spatial diffusion measured under the condition when H atoms can
avoid approaching each other is faster than that obtained from recombination meas-
urements when H atoms have to approach each other in order to recombine, but this
effect is considerably smaller than for H atoms in normal H, films.

We summarized the results obtained for H atom recombination and diffusion
coefficients for normal-H, and para-H, films in Tablel.

4 Discussion

We studied the H atom pure spatial and recombination diffusion in 2.5pm thick nor-
mal- and para-H, films at temperature 7 = 0.7 K. In both samples in accordance
with our previous publications [46, 47], the spatial diffusion of H atoms was faster
than that obtained from the recombination rate of H atoms (see Tablel).

It is known from previous studies that the presence of ortho-H, molecules in solid
H, affects the recombination rate of H atoms. The dependence of H atom recom-
bination rate constant on the concentration of ortho-H, molecules in solid H, was
studied earlier at T = 4.2 K [34, 35, 53]. It was found that when the concentration of
ortho-H, molecules in solid H, increased from 0.1% to 8%, the recombination rate
constant also increased from 8.3 10723 cm3s~! to 5.4 x 10722 cm?s~! but a further
increase in the concentration of ortho-H, molecules to 75% led to a decrease of the
rate constant to 1.17 X 10722 cm3s~L. In our studies performed at 0.7 K, we com-
pare only the H atom recombination rate constants for two H, samples with ortho-H,
concentrations equal to 0.2% and 75%. The values of recombination rates measured
at T = 0.7 K are much lower (see Tablel) as compared to that measured at T = 4.2
K. However, the ratio of rate constants for these H, samples, k,(0.2% ortho-H,)/k,
(75% ortho-H,) measured at 7' = 0.7 K is equal to 17 and is much larger than that
obtained at7 = 4.2 K.

This important effect can be explained by differences in the tunneling conditions
for spatial and recombination diffusion. For the case of spatial diffusion, a gradient
of H atom concentration was created and the H atoms moved by a repetition of the
tunneling exchange chemical reaction H + H, = H, + H to the region with a low H
atom concentration without approaching one another. In this case, the energy levels
of H atoms in the neighboring H, lattice sites remain equal thus favoring resonant

Table 1 #; constant of H atom

. . . Sample Normal-H, film (75% Para-H, film
production due Fo d}scharge, kp, ortho-H,) (0.2% ortho-
H atom recombination rate, k,; H,)
diffusion coefficient associated 2
with the H atom recombination

i k 3571 6x 103 1 %10
D,; spatial diffusion coefficient pr (€M7S™)
of the H atoms, Dy, k, (cm3s7h) 1.8x107% 3% 10-24
D, (cm?s7h) 4% 1071 6x 10718
Dy, (cm?s7h) 1.5% 10716 5% 10717
n (cm™) 1.3x 10" 1.3x 10"
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tunneling. In the case of recombination diffusion, we register only the events of
H atom recombination when two H atoms have to approach each other in order to
recombine. As two H atoms move closer, the mismatch between the energy levels
of H atoms in the neighboring H, lattice sites increases up to 50 K [32]. The tun-
neling process slowdown results in decreasing diffusion coefficient determined from
the recombination rate of H atoms.

Surprisingly, the spatial diffusion rate for H atoms in para-H, films is 3 times
smaller than that for normal-H, films (see Table 1). This is probably a result of a
larger recombination diffusion rate of H atoms in these samples. The recombina-
tion diffusion of H atoms in para-H, film is an order of magnitude faster than that
observed for normal-H, samples. During the measurement of the penetration depth
of the high-concentration layer, the larger recombination rate of H atoms in para-H,
leads to a more efficient H atom loss in this layer, resulting in slowing of the propa-
gation rate of this layer compared to that in normal H, films.

All measurements were performed for the H atom concentration n,,=1.25 x 10"
cm™>. For this concentration, the process of self-localization can also be expected to
be similar to that of He atoms in solid *He [37, 38]. Decreasing the concentration
of H atoms in solid H, films should reduce the effect of recombination of H atoms
on the process of spatial diffusion in para-H, films as well as diminish the process of
H atom self-localization. We might expect a higher rate of spatial diffusion at lower
concentrations of H atoms similar to that observed for 3He atoms in solid *He [38].
Unfortunately, we were unable to find steady-state conditions for studying pure spa-
tial diffusion of H atoms in solid H, films while running the discharge able to sustain
the H atom concentrations ~ 10'8 cm=3 or below. We will continue to search for such
aregime in our future studies.

Another effect observed in this work is a fast accumulation of H atoms in the
para-H, samples which is about one order of magnitude higher than that for the
accumulation rate of H atoms in normal-H, samples (See Fig. 5). At the same time,
the maximum concentrations of H atoms achieved in both normal-H, and para-
H, samples were very similar, of order 1.25 X 10" cm™. We did not observe any
change of the production rate k. in the normal H, film due to the process of con-
tinuing stimulated and natural ortho-para-conversion of H, molecules which signifi-
cantly decreased ortho-H, content in the normal H, films during the time interval
of two days (Fig. 5). An independence of the production rate on time within the
first 2 days observed in this work also excludes the possibility for different cross
sections of para-H, and ortho-H, molecular dissociation as well as different pen-
etration depths of the discharge electrons into the films. Another possibility for a
larger production rate of H atoms in solid para-H, might be a slower vibrational
relaxation of excited H, molecules. It was suggested [53] that the presence of o-H,
molecules with a nonzero quadrupole moment in the vicinity of an excited H, mol-
ecule may activate vibrational deexcitation associated with infrared emission. This
pathway is prohibited in a pure para-H, crystal [54] but can be activated by small
ortho-H, admixtures of order 1%. In this case, an H, molecule in para-H, environ-
ment after collision with an electron is excited to the dissociation threshold and due
to a longer vibrational relaxation time may have a higher probability to split into two
H atoms instead of relaxing back to the ground vibrational state. The relaxation of
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vibrationally excited H, molecules in solid H, was measured up to the v = 3 vibra-
tional level at 7 =11 K and did not show a difference in H, molecule vibrational
relaxation times for para- and normal-H, samples (both are of order ps) [55]. There-
fore, the observed phenomena of different production rates of H atoms in normal-H,
and para-H, cannot be explained by different vibrational relaxation rates of para-H,
and ortho-H, molecules.

Our qualitative explanation of this effect is following. During the stage of accu-
mulation, H atom pairs formed in an ortho-H, rich environment can temporarily
become trapped there due to a higher energy level mismatch in the neighboring H,
lattice sites and, thus, have a higher probability of recombining back. On the other
hand, H atom pairs formed in the para-H, environment can freely move from each
other, providing faster growth of H atom concentration. Interestingly, we observed
nearly equal steady-state local concentrations of H atoms for both normal and para-
H, films, indicating that for the second stage of accumulation, the rate of H atom
production due to the discharge is equal to the rate of recombination of H atoms
for the films with different ortho-para-content. Further studies may provide more
insight into this phenomenon.

5 Conclusion

We performed investigations of accumulation and pure spatial diffusion of H atoms
in solid normal and para-H, films. It was found that the rate of accumulation of H
atoms in para-H, films is one order of magnitude faster than that in normal H, films
at the beginning of accumulation.

We also found that spatial diffusion proceeds much faster as compared with the
diffusion obtained from H atom recombination measurements. In the normal H,
films, the spatial diffusion is more than two orders of magnitude faster than the
diffusion obtained from H atom recombination measurements, but in the para-H,
films, the spatial diffusion is only one order of magnitude faster than the diffusion
obtained from H atom recombination measurements. For understanding the influ-
ence of ortho-para-content of solid H, films on accumulation and H atom diffusion
in more detail, a combination of the NMR method for monitoring ortho-H, mol-
ecules and the ESR method for controlling the H atom behavior is very promising.
The approach developed in our studies allow one to perform measurements of spa-
tial diffusion of atoms and diffusion due to their recombination in different molecu-
lar matrices. In the future, we plan to study spatial diffusion of D atoms in D, films
and H atoms in HD films.
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