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Magnetic resonance study of H atoms in thin films of H, at temperatures below 1 K
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We present an experimental study of H atoms embedded in thin films of solid H, at temperatures below 1 K.
H, films up to 50 nm thick were first grown as a result of slow recombination of atomic hydrogen gas on the
sample cell walls. If the recombination occurred in three-body atomic collisions in the gas phase, small
concentrations of atoms could be captured inside the films during the film deposition. As a second method of
generating atomic populations inside the H, films, we used a direct dissociation by a low power rf discharge in
the sample cell. With this latter method, we achieved record high atomic concentrations exceeding 2
X 10" ecm™3. The samples were characterized by means of magnetic resonance: electron spin resonance (ESR)
and electron-nuclear double resonance (ENDOR) in a magnetic field of 4.6 T. We observed density-dependent
broadening and shifts of the ESR lines due to the dipolar interactions, and resolved these effects for like and
unlike atoms. Relaxation of the relative hyperfine populations was measured as a function of temperature for
H in H, films grown on different substrates. For H, films on Mylar substrates, the relative equilibrium
populations of the two lowest hyperfine states of H were found to deviate substantially from the prediction of
Boltzmann statistics. We also found two narrow lines in the ENDOR spectra of H in H, films shifted to the red
from the position for free atoms. This indicates two possible substitutional positions of the atoms in H,
matrices, both characterized by very homogeneous crystalline fields.
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I. INTRODUCTION

One of the main goals in the matrix stabilization of atoms
and free radicals is to isolate and inhibit the recombination of
substances highly reactive under normal conditions.' Matrix
stabilized atoms remain nearly inert at low temperatures and
can only interact through quantum-mechanical tunneling, re-
stricting their chemical reactions with atoms located at other
sites. This opens up a new area of research in the field of
quantum chemistry. At low enough temperatures, stabilizing
high densities of impurities in a solid matrix also holds the
promise of observing collective quantum phenomena such as
Bose-Einstein condensation (BEC) and superfluidity.”> Re-
cently such a phenomenon has been found in solid “He,
where anomalous rotational inertia’ was identified with su-
persolid behavior. Owing to their small masses, hydrogen
atoms in solid H, present one of the simplest cases of matrix
stabilized atoms and thus allow investigation of the most
fundamental quantum effects. This has motivated our studies,
by focusing the main objective of our work on reaching the
highest possible atomic densities at the lowest possible tem-
peratures in order to initiate collective quantum phenomena
leading to Bose-Einstein condensation or supersolidity.* We
expected that these phenomena should reveal themselves in
magnetic resonance spectroscopy which was used as the
main diagnostic tool in our studies.

In this paper, we present a detailed description of our
studies of atomic hydrogen in films of solid H, at tempera-
tures below 1 K. The methods of creating the films of solid
H, originate from studies of spin-polarized atomic hydrogen
in the gas phase (H]).>® The main difference between the
technique applied here and conventional methods of creating
samples with matrix isolated atoms is the very slow growth
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rate of the solid films (<1 molecular layer per hour) and
very low energy released during this process. This allows
creation of samples at temperatures ~0.5 K with the possi-
bility of further cooling to ultralow temperatures in a cell
cooled by a dilution refrigerator. We found that the recombi-
nation of the hydrogen atoms into molecules is strongly sup-
pressed below 1 K, even at very high densities.>’ Due to this
feature, we increased by a factor of 3, the maximum H atom
concentration to n=~2X 10! cm™ reached in the system of
H in H,.” As the main diagnostic tool, we employed mag-
netic resonance spectroscopy, using both electron spin reso-
nance (ESR) and electron-nuclear double resonance (EN-
DOR). A number of effects have been observed, some of
them still requiring theoretical explanations.

Some of the results of this work were briefly reported in
Refs. 5 and 7. Here we present results of ENDOR experi-
ments and more data on the nuclear polarization of the
samples. We included an extended description of the previ-
ously published work>’ along with the details of our appara-
tus, ending with an overall discussion of the results. The
paper is organized as follows: in Sec. II, we present a short
review of previous studies carried out on this system with
special emphasis on the comparison of different sample
preparation methods for attaining the highest H atom con-
centrations. In Sec. III, we describe in detail our experimen-
tal setup together with the diagnostic methods. The experi-
mental results are presented in Sec. IV, followed by
discussions and conclusions in Sec. V. Details of the calcu-
lations on the dipolar shift and broadening of the electron
spin resonance lines are presented in the Appendix.

II. BACKGROUND

It has been predicted 40 years ago that light impurities in
quantum crystals may behave like an ideal gas, a gas of
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impuritons.> Generally speaking, a gas of density n reaches
quantum degeneracy when the thermal de Broglie wave-
length A,,=(27h2/m*kzT)"? exceeds the mean interatomic
distance {(r)=n""3. Atoms that are captured inside solids are
not free to move as they can only hop from site to site with
a certain probability P, which defines the bandwidth of their
tunneling motion A=ZP;, depending on the number Z of pos-
sible sites for tunneling.®® The effective mass m* ~#2/a*A
of this motion may turn out to be very large, causing the
quantum degeneracy temperature to fall far below the experi-
mentally accessible temperature region. Through the study of
the quantum diffusion of atoms in solid matrices the tunnel-
ing motion band width A becomes accessible and has there-
fore motivated experiments in this field. Values of A
~10™* K were extracted from measurements of the diffu-
sion coefficient D,,~aA?/% of *He in solid “He.’ It has
been found that quantum diffusion is strongly suppressed at
high concentrations of impurity atoms. This was explained
by the distortion created by the atoms in the lattice. For
hydrogen atoms in solid matrices, the main method of mea-
suring the diffusion was to study the recombination of the
atoms as they approach each other to within a distance on the
order of lattice constant. The diffusion constant D,,.
~107"7 cm™3 obtained in the experiments'® gives very small
values of A~ 107!2 K. However, just as in the case of mix-
tures of *He in *He, it has been realized that this type of
diffusion is different from the pure diffusion driven by the
gradient of atomic density. Instead, as the atoms approach
one another, their motion is slowed down due to the energy-
level mismatch created by each of them on the neighboring
lattice sites thereby slowing down the recombination pro-
cess.

H atoms moving in the lattice can also induce relaxation
of the neighboring ortho-molecules (0-H,, J=1) to the para
state (p-H,, J=0) and accelerate ortho-para conversion.!! In
this case, there are also restrictions on the H atom movement
imposed by the lattice distortions, and so the measured rates
do not reflect the spatial diffusion rate of H in H,. Neither
the measurement of atomic recombination nor the conversion
rate can provide information to characterize the pure spatial
diffusion.!'-13 To date, there is no experimental data for A
and m* for H in H,.

The mechanism for the motion of H atoms in solid H,
was studied in Ref. 14. The studies revealed insensitivity of
the recombination rate to applied pressure, suggesting that H
atoms move in the H, via the chemical exchange reaction
H+H,—H,+H instead of physical exchange H, <« H. The
former process has been observed in HD matrices containing
atomic impurities.'> In the case of chemical exchange, the
motion of the atom resembles that of a half vacancy, and one
might expect a large tunneling probability. It is known that
for vacancies in solid helium, A may be on the order of
several kelvins.

It follows from the above discussion that the motion of
the stabilized H atoms toward each other and in the vicinity
of the lattice defects may be limited at low enough tempera-
tures while still allowing their band motion in undistorted
regions of the solid. This would lead to high atom densities
in the matrix and open the way to the study of collective
quantum phenomena. However, until our recent work (pre-
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sented in Refs. 5 and 7) only one study of this system had
been carried out at temperatures below 1 K.'® This work
revealed several interesting phenomena which at the time of
the experiments were not completely understood. Hydrogen
atoms were created by electrons emitted in the 8 decay of
tritium, which was admixed in small amounts into a molecu-
lar hydrogen matrix.!6-'® The samples were stored at tem-
peratures ranging from 0.2 to 0.8 K for a period of time until
they were destroyed, as indicated by a sudden energy release.
This was attributed to a prompt recombination of hydrogen
atoms once their density exceeded a critical value, depending
on the storage temperature. The sample evolution was ana-
lyzed in Ref. 19. Examining the recombination and dissocia-
tion processes, the maximum concentration of trapped H at-
oms in the experiments was estimated to be 4.6
X 10" c¢m™. It was predicted that concentrations of atoms
approaching 10?° cm™ could be achieved by a proper opti-
mization of the experimental conditions.'® Nevertheless, no
further attempts to reach higher concentrations with this
method were reported. For 7>1 K, the highest density 270
ppm or =7.2X 10" cm™ of H in H, has been obtained in
H, doped with 2% of T,.'"® However, the T, concentration
was ~70 times larger than the H concentration so that one
cannot disregard the effects of T, on the sample properties.

Alternative methods used to capture and stabilize H atoms
in solid H, employed flash condensing a mixture of H and
H, onto a cold substrate!®!>20 or direct dissociation of the
molecules in the solid through irradiation with y or x rays,"
or high-energy electron beams.?! However, the maximum
density of H in H, achieved by these techniques was typi-
cally limited to =1 X 10'7-3 X 10'8 ¢m=3 1013

Another method for creating samples of thin H, films
containing H atoms below 0.5 K was discovered in our ex-
periments on spin-polarized atomic hydrogen in the gas
phase.’ In these experiments, H atoms are stabilized inside a
sample cell (SC) located in a magnetic field of several tesla
and at temperatures below 0.5 K. The walls of the sample
cell are covered with a film of superfluid helium to reduce
adsorption of the atoms on the walls. Recombination of at-
oms back to molecules, though strongly suppressed in elec-
tron and nuclear spin polarized gases, leads to the formation
of molecules which eventually adsorb onto the sample cell
walls and form a molecular H, layer between the sample cell
walls and the helium film (see Fig. 1). This layer helps to
reduce the rate of nuclear relaxation, improves the stability
of the H gas and is usually formed at the beginning of each
experiment by sending the maximum available flux of atoms
into the sample cell and letting the atoms recombine.?? In our
experiments with two-dimensional (2D) hydrogen gas,® we
found that H atoms are also captured inside the H, films
formed by atomic recombination. In that work, the density of
atoms adsorbed on the helium surface (Fig. 1) was locally
enhanced on a small cold spot on the sample cell walls by
the method of thermal compression. Recombination pre-
dominantly took place on the high density area of the cold
spot via the three-body process H+H+H=H;+H. The third
atom carries a rather large kinetic energy, sufficient to pen-
etrate through the helium film and stick to the solid H, film.

The main advantage of the method for growing the H in
H, films by recombination from the gas phase is the very
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Superfluid helium film
Solid H, film with embedded H atoms

FIG. 1. Illustrative drawing of H in different phases in the SC
and the structure of the films covering the SC walls. H adsorbed on
the helium surface form a 2D gas, which is in dynamic equilibrium
with the bulk gas (Ref. 22). The recombination mainly occurs in the
adsorbed phase. The resulting H, molecules relax to ground state in
collisions with the helium film and finally penetrate through the film
(Refs. 23 and 24). Thus a layer of H, is grown on the SC walls
(Refs. 5 and 6).

small rate of energy release during the sample preparation,
enabling low temperature experiments. The samples can be
easily further cooled to ultralow temperatures by means of
dilution refrigerator and nuclear demagnetizing techniques.
The H, films are very pure because no other substances,
including other H isotopes, can penetrate into the sample
cell. However, the samples created in our setup’ did not ex-
ceed H atom densities of ~10'® cm™ at a typical maximum
H, film thickness of ~50 nm. At such small thicknesses,
one must also consider substrate effects. Further disadvan-
tages experienced in this method were the long preparation
times, on the order of 1 week, and the need to rebuild the
sample completely after each recombination experiment.

Nevertheless, we already found in these first experiments’
significant differences of the properties of H atoms captured
in thin films of H, as compared to the experiments performed
above 1 K. Below 0.2 K, the samples were completely stable
against recombination over 2 weeks observation period and
showed an unusual relaxation behavior. The relaxation times
of forbidden and allowed electronic transitions were nearly
equal and the population of the lowest two hyperfine energy
states deviated significantly from the Boltzmann distribution
at 150 mK.>

In the second stage of our experiments, we tried several
methods of forming solid H, films from the saturated vapor.’
We describe these attempts in more detail in Sec. III C. They
all failed, and finally we had to use the same method as in
Ref. 5, based on the recombination of atoms in the gas phase.
In the new sample cell,” thermal compression was not used
and three-body recombination was no longer the main re-
combination channel. Even though we were able to create
the H, films by the same coating procedure, we could not
detect H atoms captured in the films. This proves that local
three-body recombination in Ref. 5 was a decisive factor for
obtaining H in H,.

Alternatively, we created atoms in the H, films by elec-
tron impact.” This method has already been employed to dis-
sociate H, molecules into atoms in solid H,. 160 keV elec-
trons were used in Ref. 21 to create H in H, samples at 4 K.
In experiments with tritiated hydrogen, 5.7 keV electrons
that are emitted from the tritium S decay are already avail-
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FIG. 2. Block diagram of the experimental setup.

able inside the sample to dissociate hydrogen molecules.'®-!8

Low energy electrons are also employed to dissociate hydro-
gen in a cryogenic dissociator, a device which is routinely
used in H gas phase studies including this work.>>?% The
dissociator contains a helical rf resonator located inside a
metallic enclosure (see Fig. 2). The inner surfaces of the
container and the resonator are covered by a thin layer of H,
and a superfluid helium film. The discharge is produced by
applying rf pulses to the resonator which ionizes helium at-
oms. The electrons, which are also generated by the dis-
charge, penetrate through the helium film and dissociate H,
molecules. Some of the atoms created desorb into the gas
phase with the others remaining in the solid H,. Pulsing the
discharge leads to a low average heat release in the sample
cell.

In the following section, we provide detailed descriptions
of the experimental setup, the procedure for creating the
samples of H in H,, experimental observations and a com-
parison of results with those obtained earlier.

III. EXPERIMENTAL SETUP
A. Apparatus

The cryogenic part of the experimental setup is schemati-
cally presented in Fig. 2. To fill the SC with hydrogen gas,
we use a cryogenic dissociator.”>2® The dissociator, operating
at 0.6-0.8 K, is cooled by a He refrigerator and is capable
of producing a flux of H| ~1X10'* s~!. The dissociator is
located in the fringing field of a solenoid and atoms in the
high-field seeking Zeeman states a and b (see Fig. 4) are
pulled by the field gradient through the fill line into the SC.

The sample cell is located in the center of a high homo-
geneity superconducting magnet (4.6 T) and can be cooled
down to 70 mK by a dilution refrigerator. The magnet has a
set of shim coils reducing the field homogeneity to 0.1 G/cm
and a sweep coil capable of producing a =400 G field. In
order to realize experiments in large magnetic field gradients,
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FIG. 3. Schematic drawing of the sample cell. FPR—Fabry-
Perot ESR resonator, UH—upper helical rf resonator, BH—bottom
helical rf resonator, and QM—quartz microbalance.

we have added a separate gradient coil generating axial gra-
dients up to ~30 G/cm.

The main diagnostic tool for studies of atomic hydrogen
in our experiments is ESR operating at 128 GHz. The details
of this technique will be considered in the next section. The
heterodyne cryogenic ESR spectrometer has a sensitivity of
10° spins/G at an excitation power of several nanowatts.?’
The atoms are detected in a Fabry-Perot resonator (FPR)
connected by a waveguide to the millimeter (mm)-wave
bridge (Fig. 3).

The SC has two helical rf resonators, both used to run rf
discharges for dissociating H, in the solid film covering the
sample cell surfaces. The lower helix, located on the SC
bottom, further referred as bottom helix (BH), has a reso-
nance frequency of 460 MHz and a Q value of =230. The
second 910 MHz (Q = 600) helix is located between the FPR
mirrors. This helix (upper helix, UH) has a double function.
It is tuned to the hyperfine a-b transition of H to perform
both nuclear magnetic resonance (NMR) and ENDOR ex-
periments. The thickness of the H, film was measured by a
quartz microbalance (QM).

B. Diagnostic methods
1. Continuous-wave ESR

The specific features of our samples are a high degree of
electron spin polarization and a high density of the H atoms.
These features can lead to dipolar interaction effects and sub-
stantial magnetization, both observable in experiments.

Due to the hyperfine interaction, H atoms in the electronic
ground state have four energy levels in a magnetic field,
labeled from a to d with increasing energy. Figure 4 shows
the energy states together with the ESR and NMR transitions
important in this work. In the 4.6 T magnetic field and at
temperatures below 2 K, conditions of the present experi-
ments, the atoms can be considered fully electron spin polar-
ized. The two allowed ESR transitions induced by a trans-

PHYSICAL REVIEW B 81, 104516 (2010)

1 d=11)

—

X

=
@

) )

ESR K~ An
QQCﬂBB
NMR™ b= [|4)
| 4=
e ~
0 0.05 0.1 015 o2 W1 —KIT

Magnetic field (T)

FIG. 4. Ground state H atom energy levels in magnetic field.
Here « is the hyperfine mixing parameter (B=4.6 T, «=0.006).
Normally the ESR frequency is held constant in these measure-
ments. Arrows denote electron and nuclear spin projections.

verse mm-wave excitation field H; are a—d and b— ¢ (Fig.
4). The a— c transition, induced by a longitudinal excitation
field, is suppressed by factor k>~ 107> at 4.6 T and is there-
fore strongly forbidden at high magnetic fields. The b —d
transition is completely forbidden.

The exact ESR resonance frequencies obtained from the
Breit-Rabi equations are

1A, 1uB, 1A *B,.\?
from =5 BT, T 1+(u), (1)
2h 2 h 2 h A
14, 1uB 1A *B.,\?
fad:__h+_u+__h 1+(u> ) (2)
2h 2 h 2 h A,

Here £ is the Planck constant, A;, is the hyperfine interac-
tion energy, u= =g up* g,M, Where g, and g, are, respec-
tively, the electron and nuclear g factors, and up and u, are
the Bohr and nuclear magnetons. ESR spectra are detected
by a continuous-wave method with a constant mm-wave fre-
quency fy, which is normally tuned to the center of the
Fabry-Perot resonator curve. Using the sweep coils, the ap-
plied magnetic field is swept across the resonance values B,
and B,;. The resonant field conditions can be extracted from
the equations above setting f,;=f5.=/fo. In the strong field
approximation ugpB>A;, which yields

1 1

By = hfo+ ZAn |, (3)
8eMB 2
1 1

B = hfo—ZA, . (4)
8eMp 2

We find that in the strong field limit, the positions of the ESR
lines are mainly determined by the first Zeeman term in the
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FIG. 5. Contour plot of the mm-wave excitation field H% in the
FPR. The contours are drawn for every 1/10 intensity change.

brackets. The hyperfine interaction determines the splitting
between the lines.

Atomic hydrogen is detected in the FPR by the interaction
with the mm-wave field. The FPR operates in the TEM,
mode and consists of a lower flat mirror and an upper spheri-
cal mirror. The resonator has an aperture of 15 mm and a Q
value of ~1X 10*. The profile of the mm-wave field inside
the FPR resonator is shown in Fig. 5. The two FPR resonator
mirror surfaces are differently prepared. The upper spherical
mirror has a copper surface while the lower flat mirror is
covered by a 10 um Mylar foil glued by a thin layer of
Stycast 1266 epoxy in order to realize a smooth surface. The
spherical mirror surface was annealed and etched in nitric
acid. Presumably it has a much larger surface roughness than
that of the flat mirror. Magnetic particles may have collected
on its surface due to machining and annealing.?

The ESR spectrometer does not use conventional modu-
lation of the magnetic field but instead directly provides ab-
sorption and dispersion components of magnetic susceptibil-
ity. The strength of the mm-wave field was typically chosen
to be below 1073 G, small enough to avoid nonlinear effects.
Applying high ESR excitation power at the b-c transition
enabled us to manipulate the populations of the a and b
states via the forbidden a-c transition.”> This effective popu-
lation transfer of the b to the a state is similar to the Over-
hauser effect used for dynamic nuclear polarization.?® Typi-
cal characteristic time of such a population transfer was
~300 s, mainly limited by the available mm-wave power.
With this method, we were able to create highly polarized
samples with the nuclear spin polarization P= (n,—n,)/(n,
+n,)=0.9.

In the small excitation regime, the strength of the ESR
transitions are proportional to the square of the mm-wave
field, H%. Hence, the recorded line shapes reflect the spatial
profiles of the static magnetic field and the mm-wave field
inside the samples.>® An example of the recorded line shape
at large axial field gradient is shown in Fig. 8. While the H|
ESR spectrum reflects the axial profile of the Hf field in the
resonator, only two peaks are observed for H in H,, one peak
for each FPR mirror. Studying the ESR spectra of H in H, in
a gradient field, we can thus distinguish between the samples
on each of the FPR mirrors.

ESR line broadening and shifts of the H| gas are very
small at densities below 10'> cm™ considered here.3! Since
the H| gas spectrum coincides with the spectrum of free
atoms, it serves as an ideal reference for the studies of the
ESR spectrum resulting from H in H, samples. The accuracy
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of determining the H in H, line shift from the free-atom line
is limited by the H in H, line broadening (0.7-6 G) and is
estimated to be 0.01-0.05 G.

2. NMR and ENDOR

The exact and approximate NMR a-b transition frequen-
cies (Fig. 4) are given by
+ B 2
1+ (—“ ) (5)

Ay

14, 1wB 1A,
=5 T TS
2h 2 h  2h

lAh gn/*‘(‘nB
S
2 h h

The hyperfine term A,/2h~=710 MHz is much larger in B
=4.6 T than the Zeeman term g,u,B/h=200 MHz. There-
fore, compared to ESR transitions, the NMR transition is
more sensitive to changes of the hyperfine constant A, than
the ESR transitions. Since on the other hand, A, is also sen-
sitive to the lattice crystal field,>> NMR becomes a very use-
ful tool for studying the environment of H atoms in the solid.
The sign of the NMR transition shift with respect to that of
the free atoms reflects whether the impurity atoms are lo-
cated in the substitutional or interstitial lattice sites. In a
disordered solid, one would expect a broad NMR line due to
a large spread of A,.’> However, in practice NMR has much
lower sensitivity than ESR and its direct detection is not
possible for the small samples considered in this work. One
can overcome the sensitivity problem by detecting the NMR
transition via the change in the ESR signal, using the EN-
DOR method.?* Saturating the NMR a-b transition allows
manipulation of the a- and b-state populations by minimizing
the nuclear polarization.

Typically the ENDOR experiment was performed by stop-
ping the sweep field at the b-c transition. First the complete
b-state atomic population is transferred to the a state via the
forbidden a-c transition as described above. Then we apply
rf power to the upper helix and sweep the frequency through
the expected NMR resonance value. When the a-b resonance
is reached, the atoms are transferred back to the b state and
ESR absorption increases. Since the rate of the population
transfer back to the a state is very slow, the signal recorded
as a function of the rf frequency represents the total number
of atoms transferred from a to b since the beginning of the
sweep. The actual ENDOR spectrum, i.e., the transition rate
as a function of frequency, is reflected by the derivative of
the recorded spectrum line shape.

(6)

3. H, film thickness and H density measurement

The mean H, film thickness covering the SC surfaces is
measured by the QM.3* It was operated at the first harmonic
at =10 MHz and had a Q value of 5X 10°. The QM fre-
quency shifts linearly as a function of the mass adsorbed on
it. The QM resonance curve used to obtain its resonance
frequency was recorded by measuring the reflected voltage
with a network analyzer. The measurement was performed at
an incident 1f power of =0.1 nW, small enough to avoid any
effects due to overheating of the quartz crystal and related
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changes in the superfluid film covering its surface. This made
possible the measurement of the QM frequency with a short
term accuracy on the order of ~1 Hz, corresponding to one
monolayer solid H,. We estimate the total error of the mea-
sured film thickness to be 10%, limited by the slow drifts of
the QM during the coating process.

Absolute calibration of the H in H, density requires sev-
eral steps. First, we calibrate the integrals of the H| gas ESR
lines. This is performed calorimetrically, integrating the total
heat released in the sample cell during recombination of an
H| sample.® The ESR signals of H| and H in H, samples are
proportional to the product n,- [ VSH%dV,30 where n; is the
sample density and the integral is taken over the volume V|
occupied by the sample. The profile of the mm-wave field H%
in the Fabry-Perot resonator is calculated numerically (Fig.
5). Because the H in H, samples are very thin, the H, field in
the axial direction over the sample thickness d can be con-
sidered constant. Then the integral above can be reduced to
o, AH?dA, where the integration is taken over the area of
the mirror and o, is the surface density. To determine the
bulk density n, of H in H,, we divide o by the film thickness
obtained from the QM data as described above. We estimate
a 20% error in the ESR signal calibration and an overall 30%
error for the H in H, density measurement. The dipolar fea-
tures of ESR spectrum provided another measure for the den-
sity in fair agreement with the measurement presented above.

C. Preparation of the samples

Initial deposition of solid H, films on the walls of the
sample cell can be performed by condensing the films from
saturated vapor well below the melting pressure. However, in
this case the molecules tend to condense at the coldest place
on the walls and therefore this procedure requires a careful
control of the temperatures of the sample cell. Another diffi-
culty is that liquid H, has different wetting properties for
various solids, and tends to collect in form of droplets or
puddles,® making homogeneous coating impossible. In this
work, we did not succeed in producing films by this
method.?’ In another attempt, we tried to condense H, using
a beam of ~5 K molecules blown into the sample cell from
a thermally insulated container attached to the SC bottom.
Although, relatively thick films were created on the bottom
helix, we could not condense any molecules on the mirrors
of the FPR resonator, as the high sticking probability of cold
molecules to the SC walls inhibits multiple scattering (refer
to Fig. 3 for the details of the sample cell geometry). Since
no attempt to create a thick homogeneous film of H, by
vapor deposition succeeded, we applied the previously suc-
cessful method described in Ref. 5: slow recombination of
the gas phase atoms (see Sec. II). In the second stage,’ the H
atoms trapped inside the H, films were created by electron-
impact dissociation of molecules, as described in more detail
in the following.

The atoms in the solid H, films were produced by running
a discharge in the bottom or the upper helical resonators, in a
manner similar to that used for the H, dissociator.?® Typi-
cally, discharges were driven by applying tf power of 10-100
mW in 5-20 wus pulses at a 10-500 Hz repetition rate. We
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FIG. 6. ESR spectra of atomic H when discharge is off and on.
The free-electron ESR transition (g,=2.0023) field is at 0 G on the
field sweep axis corresponding to =4.6 T and the cyclotron reso-
nance field is at 53 G.

could maintain the discharge running down to a temperature
below 100 mK with an average rf power of several micro-
watts. The highest density of H atoms in H, was obtained
when the SC was heated to 300-400 mK by an average rf
power of 40 wW. We estimate the characteristic energy of
the electrons emitted in the discharge to be 100 eV. The
initiation of the discharge could easily be detected by moni-
toring the shape of the rf pulse that is reflected from the
helix. When running the discharge in the SC we also ob-
served an additional peak in the ESR spectrum, which was
attributed to the cyclotron resonance of free electrons (Fig.
6). We observed that the production of atoms was more ef-
ficient with the upper helix as electrons produced by the
bottom helix must have at least one wall collision before
reaching the FPR resonator. Furthermore, H atoms were not
only trapped in the H, films but some atoms were also
ejected into the bulk of the sample cell in the form of H| gas.
The gas phase samples could easily be destroyed by cooling
the sample cell to temperatures =100 mK. The possibility of
accumulating gas phase atoms while running the discharge in
the SC implies that the helium film did not evaporate during
rf pulses, as otherwise the immediate recombination of H|
gas would have resulted.?

One expects a high quality H, film due to the ultraslow
deposition technique, as supported by our experimental
observations® and NMR experiments on o-H, formed by re-
combination of atomic H.38 In this work, the method of sub-
sequently dissociating H, molecules to atoms in the solid by
electron impact will create more defects than for single H
atoms adhering directly to the H, surface.’ Charged particles
have been observed to be trapped in the H, matrix in meth-
ods where molecules are dissociated in sifu in solid.?'3*% In
this work, we have not observed any sign of electrons or ions
trapped in H,.

The H, films grown by atomic recombination initially
contain a large concentration of o-H, because it is formed in
a+b recombination. The a+a recombination leads to p-H,.?
Measuring the steady-state polarization of H| during the
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coating we estimate that the initial concentration of o-H, in
the films does not exceed 30%. Since the natural o-p conver-
sion is continuously going on during the coating we esti-
mated that the H, film grown for 1 week by recombination of
atoms at constant speed has an o-H, concentration of =20%,
assuming that the molecules are distributed homogeneously
through the film by diffusion. The o-p conversion is acceler-
ated by o-H, clustering and H impurities.'#! Several days
after accumulating the sample, the line broadening effect of
the remaining o-H, in the H in H, samples is not observable
any more.

Following the accumulation of H in H, during the H, film
growth, we verified that H atoms are uniformly distributed
throughout the H, film thickness. Typically the H, film was
grown for coating periods of 30-100 h corresponding to a
film growth of 2-10 nm. After each coating period, we ac-
cumulated via electron impact a maximum density of H at
the optimal conditions. The linear increase in the maximum
H in H, ESR line areas with the film thickness implies the
same H density and consequently a uniform distribution in
the H, film.

IV. RESULTS

In this section, we present experimental results of a single
experimental run with a H, film of 30 nm thickness. In order
to allow a comparison to our previous work,’ we first accu-
mulated a H in H, sample of similar density 2 X 10'® cm™
by running the discharge in the bottom helix. The subsequent
samples were prepared by running the discharge in the upper
helix and had initial densities of 2 X 10'> cm™. Each of the
H in H, samples was typically studied for 1-2 weeks. By the
end of these studies, the H atom density had decreased at
least by a factor of 2 due to recombination studies performed
at higher temperatures (0.5-1.7 K). Because the properties of
the samples accumulated by the bottom and upper helices
differed, we will hereafter refer them, respectively, as bottom
helix and upper helix samples.

A. ESR spectrum
1. Characteristic features of the ESR spectrum of H in H,

The ESR spectrum of H| gas is presented in Fig. 6 (upper
trace). The two lines correspond to the a—d (a-line) and b
— ¢ (b-line) transitions, separated by A,/g,uz=507 G. In
the lower trace, the ESR spectrum recorded during continu-
ous operation of the rf discharge is shown. The additional
peak in the center appears due to the cyclotron resonance of
free electrons generated by the discharge.

Typical ESR spectra of low and high density H in H,
samples are compared to the H| gas sample in Fig. 7. The
H| ESR lines are inhomogeneously broadened to =50 mG
full width at half maximum (FWHM) at optimized homoge-
neity of the magnetic field. The H in H, ESR lines are much
broader and shifted from the H| lines. The shifts and widths
of the H in H, lines are density dependent. The H in H, lines
move to positive magnetic fields when the H atom density is
increased.
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FIG. 7. ESR spectra of atomic hydrogen in the gas phase and in
the solid H, matrix in magnetic field of optimized homogeneity.
The upper traces were recorded at the H in H, density of n=2
X 10" cm™, the lower traces were recorded at n=6X 10'7 cm™
and multiplied by the factor 3.5 compared to the high density traces.
The AB,; and AB,,. indicate the shift of the H in H, line from the
H| line for a and b lines, respectively.

In a strong axial magnetic field gradient, each line splits
into two peaks (Fig. 8 top) originating from contributions of
the flat and spherical mirrors, respectively. The axial gradient
does not distort the intrinsic line shape because the samples
are thin in the axial direction and the spherical mirror curva-
ture is small. Both peaks are fitted well by Lorentzian func-
tions. Their areas reflect the density and nuclear polarization
of each mirror sample. A comparison of the areas shows that
the H in H, densities on each mirror was equal to within
10%, implying an even distribution of H on the FPR sur-
faces. However, the shifts between the H in H, lines and the
H] line cannot be found accurately in an axial gradient be-
cause the H| line is strongly broadened (Fig. 8 bottom).
Therefore the shifts AB,; and AB,. were measured in the
field of maximum homogeneity (Fig. 7).

R
Flat mirror |
— peak

F HinH,

Spherical mirror

peak \

[ Hingas
[ phase

ESR absorption (arb. units)

-20 -10 0 10 20
Magnetic field sweep (G)

FIG. 8. ESR a-d transition spectra of H in H, and H| gas at an
axial magnetic field gradient of 25 G/cm. The H| spectrum in the
lower panel reflects the axial profile of the mm-wave H% field in the
resonator (Fig. 5). The upper H in H, spectrum was recorded at n
~2x 10" ecm™ and the lower (multiplied by the factor 3.5) at n
~6x10"7 cm™.
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The ESR linewidth for the sample on the spherical mirror
was found to be =6 G, independent of the H density. In
contrast, the line widths for the sample on the flat mirror
were found to be proportional to the density. Studying elec-
tron spin relaxation behavior of the samples on the flat and
spherical mirrors, we found that the ESR line of the former is
homogeneously broadened while the sample on the spherical
mirror was inhomogeneously broadened.

A probable reason for these differences is the different
substrates. The spherical mirror surface is polycrystalline
copper and has more roughnesses than the flat mirror. It may
contain small concentrations of ferromagnetic impurities,?®
which may facilitate fast relaxation and lead to the inhomo-
geneous broadening. The Mylar surface is known to be very
smooth and homogeneous, with weak van der Waals attrac-
tion to the adsorbed atoms. Therefore, the flat mirror sample
relaxation and ESR line broadening is determined only by
the interactions of the H atoms with the host matrix and with
each other, as will be discussed in more detail in the follow-
ing sections. The samples on the flat and spherical mirrors
will hereafter be referred to as copper and Mylar substrate
samples, respectively.

2. Dipolar broadening and shifts of the ESR lines

The linewidths of the H in H, spectra observed in this
work were much broader than those observed in our earlier
experiments.’ The width of the Mylar substrate sample line
was found to depend on the atomic density and on the history
of the sample (Fig. 9). To explain these observations, we
consider two main sources of broadening: Dipolar interaction
between magnetic dipoles and constant broadening due to
other sources. The dipolar broadening of magnetic resonance
lines is caused by the spread of the local magnetic field ex-
perienced by atoms randomly positioned in the lattice. For
atoms with identical spin states, the dipolar interaction and
the concomitant broadening is enhanced by a factor of 3/2
due to the coherent interaction of oscillating dipoles.*>*?

Broadening due to dipolar interaction with o-H, has been
observed in the experiments of the Nagoya and Moscow
groups'3** as well as in our earlier work.’> In the case of
0-H,, broadening the ESR linewidth depends on the o-H,
concentration and may vary between 0.2 and 1 G. In the
present work, the influence of o-H, was observed by the
narrowing of the ESR lines during the first days after cre-
ation of a low density sample in a new H, film [Fig. 9(b)]. As
estimated above, we may have a maximum initial concentra-
tion of o-H, of ~20%, which slowly decreases in time due to
the natural and stimulated conversion processes.''*! Line
broadening at higher densities and its linear dependence on
the H concentration can be explained by the dipole-dipole
interaction between hydrogen atoms.

We observed the broadening due to atoms in the like and
unlike spin states*>*3 by recording the a and b line as a
function of polarization (Fig. 10). At high nuclear polariza-
tion P~ 0.8 most of the atoms are in the a state, and the a
linewidth is influenced by the interactions with identical at-
oms. In contrast, the b linewidth is broadened mainly by
unlike a atoms, and its width is =3/2 times smaller than the
a linewidth. When the sample relaxes back to nearly equal
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FIG. 9. H in H, ESR line broadening. (a) Full width at half
maximum of ESR a-line Mylar substrate sample line as a function
of total density n=n,+n,. Different symbols are used for different
samples: (O) bottom helix sample, (A, [J) upper helix samples. (b)
Line narrowing of bottom helix sample during sample storage at
<0.2 K (n=1x%10" ¢cm™). The solid lines in (a) and (b) are re-
sults of the ESR line shape simulation neglecting the o-H, contri-
bution. The measurements were performed at n,/n;,~2.

populations of hyperfine states (P=0), the widths of the lines
approach each other.

To account for the density-dependent shifts of H in H,
lines, we consider the effects of a change in the hyperfine
interaction constant AA, and the magnetization AB;, of the
sample. In the latter case, the internal dipolar field AB;, is
dependent on the density and the shape of the sample, and is
directed for thin enough films opposite to the static polariz-
ing field (see Appendix). To compensate for the resulting

3[

2.75F A=

[ A ]

250 R 3
,4@&

ESR line width (G)
N
N
(4]
T
|

15 i . I . I . I . I . I . i
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Nuclear polarization

FIG. 10. Difference in the ESR line broadening due to the in-
teractions between like and unlike atoms. The widths of the a (A)
and b ((J) ESR lines of the Mylar substrate sample (created by
upper coil) are shown as a function of nuclear polarization P. P
=(n,—np)/ (ng+np), T=120 mK , and n=1.5x 10" cm™.
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reduced field experienced by atoms, we have to apply larger
sweep fields so that the lines appear to be shifted toward
higher magnetic fields. This effect has been observed previ-
ously in paramagnetic substances*® and in experiments with
2D gases of electron spin polarized H atoms adsorbed on
helium surfaces.®*¢ A modification of the electron g-factor g,
by the solid matrix can also cause the line shift.?>3> How-
ever, this effect is independent of the H density and contrib-
utes a constant term in the magnetization. So far the g factor
change has been found to be negligible for H atoms in H,.>?

Using Egs. (3) and (4) describing the approximate reso-
nance fields of a free atom and H in H,, we obtain the ESR
line shifts for the a-d and b-c transitions,

1 AA,
AB,=-= - ABp, (7)
2 8eMB
1 AA
ABbC—_ b _ABdip' (8)
8eMB

The change in the hyperfine constant AA,, shifts the a-d
and b-c ESR lines in opposite directions while the magneti-
zation change ABg;, has the same effect on both of them.
Using the above equations, the changes of the hyperfine con-
stant and of the magnetization are

AAh = gelu’B(ABbc - ABud)’ (9)

AB,.+AB,,

ABdip == 7

(10)
Here we neglected the effect of like spins, as due to the small
nuclear polarization during the measurements the shifts for
both ESR lines are similar. However, in the further analysis
of the dipolar interaction effects, the like spin effect is in-
cluded.

In our experiments, we find that AA,, is different for the
samples created by the bottom and upper helices. For
the low density sample created by the bottom helix AA,
=-1.7(5) MHz whereas for the high density upper helix
sample, AA,=-3.5(6) MHz. More accurate measurements
of the AA,, are performed using the method of double reso-
nance introduced in the next section. The extracted magneti-
zation —AB;, as a function of H concentration is presented
in Fig. 11 together with the result of a computational-
statistical simulation described below.

A common method of characterizing dipolar broadening
of magnetic resonance lines in crystals is the method of
moments.*>* However, when the line shape is non-
Gaussian, the analysis is less straightforward.*>*’ In our
case, the electron spin polarization, sample shape, and ex-
perimental spectrum under gradient lead to further complica-
tions.

In this work, we employed a computational-statistical
method for direct calculation of the line shapes in the local
field approximation.*®#° The method allows us to take into
account the important features of our experimental system.
The distribution or histogram of local dipolar fields experi-
enced by an atom is computed directly by first placing the
atoms in the lattice randomly and then adding together their
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FIG. 11. Density-dependent shift of the ESR lines. Different
symbols are used for different samples: (O) bottom helix sample
and (OJ) upper helix sample. The solid line represents the result of
simulation described in the Appendix. The measurements were per-
formed at n,/n,~2.

dipolar fields. The shape of the local field histogram reflects
the line shape due to dipolar interactions.*’** The details of
the line shape simulations are described in the Appendix.
The calculations for the broadening and line shift are plot-
ted as solid lines in Figs. 9 and 11. The simulations agree
well with the experiments and present a verification of the
film thickness measurement and ESR density determination.

B. ENDOR spectra and hyperfine interaction changes

ENDOR spectra were recorded for the samples created by
the upper and bottom helices and at different stages of the
sample history. A typical ENDOR spectrum recorded at low
ESR excitation power is presented in Fig. 12. Preceding the
NMR frequency sweep the entire population of the b state
was driven into the a state via the forbidden a-c transition so
that the ESR absorption for the b line was close to zero.
Applying the rf power to the upper helix and sweeping its
frequency (starting from the right in Fig. 12), we observed
two narrow (=20 kHz) lines. The first line was shifted by
~660 kHz and the second line shifted by 1560 kHz from the
free-atom frequency fgb toward lower frequencies (Fig. 12).
The first line was more intense for the low density samples
created by the bottom helix whereas the second line was a
strong characteristic feature for the high density samples cre-
ated by the upper helix. The upper helix sample spectrum
also features a weak wing extending 400 kHz toward the
free-atom frequency. We were able to extract the relative
number of spins belonging to each transition by comparing
the change in the ENDOR signal to the maximum possible
increase in the b-c transition intensity near saturation, when
the a- and b-state populations were almost equal. Reducing
the density of the upper helix sample by recombination, we
observed that the first ENDOR line disappeared completely
while the area of the second line relative to the wing did not
change. For the sample created by the upper helix, we found
that 80% of the atoms occupy the second line, 15% the wing
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FIG. 12. ENDOR spectra of Mylar substrate sample accumu-
lated by the upper helix. When the NMR transition is induced, the
b-state population increases and hence the ESR b-¢ transition ab-
sorption increases. fgb is the free H atom resonance frequency. The
lower trace is the derivative spectrum. Note the sweep direction
from right to left.

and the remaining 5% the first line. In the bottom helix
sample, more than 50% of atoms were associated with the
first transition.

The hyperfine constant changes for the first and the sec-
ond line, AA,;=—-1320(10) kHz and AA;,=-3070(10) kHz,
are in agreement with the results of the ESR measurements
presented in the previous section. The position of the first
transition coincides with the one reported in our previous
work.® The shift of the hyperfine constant for the second line
AAy, is ~200 kHz smaller than the value obtained in Ref.
20 in measurements which were performed in the K-band
ESR on flash condensed H in H, samples at 4 K.

The narrow ENDOR transitions indicate that a majority of
the atoms (60—80 %) are located in areas of homogeneous
crystalline field of the host H, crystal. The negative sign of
the hyperfine interaction change implies that the atoms are
located in substitutional sites in the host lattice.?%3? A similar
conclusion was derived in distant ENDOR experiments,>
which differ from the method presented here. It is based on
the interaction of the o-H, nuclear spin system and the H
electron spin system and gives information on the o-H, mol-
ecules surrounding the H atoms.’® The appearance of two
ENDOR lines, possibly caused by the existence of two dif-
ferent available lattice sites for the atoms, will be considered
in the discussion section.

C. Recombination

Recombination of H atoms in H, crystals is a two-body
process, described by the second order kinetic equation,

dn

—=-2K.n", 11)
7 . (
where K, is the recombination rate constant and n=n,+n, is
the total H atom density. Consequently, the inverse density
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FIG. 13. Recombination measurements of Mylar substrate
samples at different temperatures. Upper graph: bottom helix
sample and lower graph: upper helix samples. For the recombina-
tion measurement during H, coating (4 ), only the first points are
presented here since the recombination rate was observed to slow
down at lower density.

n~! has a linear dependence on time with the slope 2K,.
Electronic polarization of the atoms was found to have no
effect on the recombination rate.>'° In the present experi-
ments also nuclear polarization!® had no effect on the recom-
bination rates. In Fig. 13, the inverse density n~! is plotted as
a function of time for the recombination measurements with
the Mylar substrate samples at temperatures between 0.1 and
1.6 K. The corresponding rate constants determined by the
slope are presented in Fig. 14 as a function of temperature.

We neither observed any difference in the recombination
rates between the Mylar and copper substrate samples nor
any effects of the sample aging. In all measurements, the
inverse density was found to be a linear function of time, in
agreement with Eq. (11). However, as can seen in Fig. 14,
the low density sample created by the bottom helix decayed
much faster at 0.5 K than the high density ones created by
the upper helix. This difference in the decay rate might be
explained by the different concentration of defects in the
samples. Warming up the upper helix sample to 1.6 K de-
creased the density by a factor of 2 within the first ~5 min
of the measurement. This is somewhat similar to the obser-
vations in Refs. 16 and 52 but because in our case the very
small sample is distributed over a large surface area, a fast
recombination did not lead to a thermal explosion. Heating
the SC further to 2 K resulted in a decrease in the H, film
thickness and limited the highest achievable temperatures of
the recombination studies.

We measured the H density in the H, films during the
process of H, coating by recombination of H| at 7=0.3 K
(Fig. 13) and observed a much faster density decrease than
without the coating. Before the measurement, we had built
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FIG. 14. Recombination rate constants of the Mylar substrate
sample created by the bottom and upper helices. Present work:
BM—Iow density bottom helix sample, ®@—high density upper helix
sample, 4 —high density upper helix sample under H, coating.
Previous experiments: ¥—7'<1 K (Ref. 5), A—T>1 K (Ref.
51). Theoretical prediction—line (Ref. 8). The H, coating point
() error bars contain the decrease in the recombination rate at
smaller density.

an H, film and accumulated H atoms in it by running a
discharge in the upper helix. Since the film thickness during
the first 5 h of coating grew only by =5%, it cannot account
for the observed density decrease. Instead, the recombination
enhancement during the process of H, coating can be ex-
plained by the strong flux of phonons resulting from the H|
recombination which propagated into the solid matrix. In ir-
regular crystals, the phonons support the process of atoms
hopping from one lattice site to another and approaching
each other to catalyze recombination.® This process could
also have been responsible for reaching relatively low H den-
sities in our previous work> and explains the stability of the
samples observed in our work>’ at temperatures below 1 K.
The lack of excitations in the lattice did not permit atoms to
approach and recombine.

D. Nuclear relaxation

For a nondegenerate atomic system, the populations of the
hyperfine states a and b in thermal equilibrium are related
via the Boltzmann factor n,/n,=exp(E,,/kgT), where E,,
~48 mK is the energy difference between the states for a
magnetic field of 4.6 T. In our previous work, we observed
significant deviations from this law at a temperature of
~150 mK. In the current work, we performed detailed
studies of the steady-state nuclear polarization P=(n,
—n,)/(n,+n,) as a function of temperature. This has been
done by driving the system out of thermal equilibrium and
then following its relaxation. Nonthermal hyperfine level
populations were created by saturating the a-b transition us-
ing the upper helix (P—0) leading to an excess of b atoms
with respect to the Boltzmann factor, or by saturating the b-c¢
transition with subsequent transfer of the b-state atoms into
the a state via the forbidden a-c transition (n,>n,, P—1).
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FIG. 15. Nuclear relaxation experiments of Mylar substrate
samples created by discharge in bottom helix and in upper helix at
120 mK. (A, O)—bottom helix sample of ny=~2x10'% cm™,
(V, O)—upper helix sample of ny~1.5X% 10" ¢cm™, and @—the
extracted steady-state polarizations. The thermal polarization
Pg‘” "=(.18 is indicated by the dashed line. The solid lines are fits
to the experimental data. The initial polarization in (A) turned out
to be close to P, and no relaxation was observed.

Typical relaxation measurements of the Mylar substrate
sample created by the bottom and upper helices are presented
in Fig. 15. The steady-state polarization P, and nuclear spin-
lattice relaxation time 7, were extracted by fitting the experi-
mental data with the equation,

P(t) = Py+Ae™"'Tn, (12)

where A is a free fit parameter depending on the initial de-
viation of the polarization from equilibrium.
In Fig. 16, we present a summary of the measured steady-
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FIG. 16. Steady-state polarizations of different samples at dif-
ferent temperatures.O—Ilow density Mylar substrate sample created
by bottom helix, [J—high density Mylar substrate samples created
by upper helix, A—copper substrate samples created by upper he-
lix, and X—earlier work (Ref. 5). The solid line corresponds to the
Boltzmann distribution.
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state polarizations for the samples on both mirrors created by
the bottom and upper helices. While the copper substrate
sample relaxes to a Boltzmann distribution, the steady-state
nuclear polarization P, of the Mylar substrate samples devi-
ates from a Boltzmann distribution. The deviation becomes
larger for the low density sample created by the bottom he-
lix, in fair agreement with our previous work.’> We did not
observe a dependence of P, on the sample storage time, in
contrast to the nuclear relaxation time which slowed down
considerably during 2 weeks of observations. However, the
change in T, turned out to be small enough in a single relax-
ation measurement to consider it as a constant in the fitting
procedure. The copper substrate sample 7, was found to be
an order of magnitude smaller (7,~1 h) than that of the
Mylar substrate sample. This is not surprising since the in-
teraction of the atoms with the copper substrate is much
stronger than with the Mylar substrate. The same effect
seems to be responsible for the inhomogeneous broadening
of the ESR lines in the copper substrate sample (see Sec.
IV A).

V. DISCUSSION AND CONCLUSIONS

We reached 2 X 10 ¢cm™ (0.1%) densities of H in H,,
three times larger than ever observed in this system, and 20
times larger than in our previous work.> This has been
achieved with a new method of dissociating the H, mol-
ecules in situ in the solid films by bombarding them with
electrons resulting from an rf discharge operating below 0.5
K. The samples showed higher stability against the recombi-
nation of H atoms compared to previous experiments which
were performed at temperatures above 1 K and with samples
created by different methods. The stability enhancement can
be explained by the lack of excitations, which would enable
the movement of atoms toward each other and recombination
at higher temperatures.>® Better stability of the high density
samples compared to the low density samples can be ex-
plained by the reduced mobility of H atoms trapped by the
lattice distortions. Those can result from vacancies or dislo-
cations created during the sample preparation or from the H
atoms themselves. Our experiments provide strong support
for the latter. Injecting an extra flux of phonons into the
lattice significantly accelerated the recombination rate of H
atoms.

These observations point the way for producing even
higher concentrations of H in H, crystals by further reducing
the heat release in the solid matrix during the sample prepa-
ration. We suggest implementing a method of cold molecular
and atomic beam epitaxy to grow the H in H, films. Cold
(<0.5 K) beams of H atoms are readily available in labora-
tories studying H| gas.® Molecular H, beams with tempera-
tures on the order of few kelvins can be obtained by subli-
mation from the solid phase. Directing these beams
simultaneously onto a cold (T<0.5 K) substrate would al-
low growth of samples with a maximum heat release on the
order of 4.6 eV, generated in the occasional recombination of
atoms. This is substantially lower than =6 eV released in
each dissociation event in the current method or what is
achieved by currently used sample preparation methods.
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We observed a strong influence of the substrate on the
properties of the H in H, films. For the samples deposited on
a high-purity polycrystalline copper surface, we found that
the ESR lines are inhomogeneously broadened. On the con-
trary, for samples located on the surface of the Mylar film we
recorded homogeneously broadened lines and approximately
ten times longer nuclear relaxation times. We explain this
difference by the inhomogeneities of the crystalline field due
to the polycrystalline structure of copper or possible mag-
netic impurities embedded in its surface.

The broadening of the ESR lines of the Mylar substrate
sample was explained by the dipolar interactions of the H
atoms with surrounding ortho-H, molecules and with each
other. The latter effect dominates at high densities. In this
case, the ESR linewidth is proportional to the H atom con-
centration and depends on the nuclear polarization of the
sample. We observed the difference by a factor of 3/2 in the
line broadening caused by the dipolar interaction between
like and unlike spin states.*>*3 In addition, we observed a
density dependent shift of the ESR lines from the positions
of the free-atom transitions. The shifts can be interpreted in
terms of an internal dipolar field or macroscopic magnetiza-
tion. These explanations are supported by numerical models
performed on the line shapes and shifts, which coincide well
with the experimental observations.

Studying the effect of the host matrix on the impurity H
atoms by means of ENDOR revealed two sharp transitions
shifted to the red from the free-atom transition. This indi-
cates two possible H atom occupation sites in the H, lattice.
The negative sign of the transition shift implies that the
atoms are located in substitutional positions. For the atoms in
the interstitial sites, on the contrary, the hyperfine inter-
action is enhanced.’”> The first transition found in our work
(due to the first kind of atoms), corresponding to a change
in the hyperfine constant of AA,~-1.3 MHz, was ob-
served mainly for low H atom density samples (ny=<3
X 10" cm™). The second much stronger transition at AA,
~-3.1 MHz was observed for the samples with higher H
atom densities. Studying the recombination of H atoms, we
found that the first kind of atoms recombines faster than the
second kind, indicating their higher mobility. This might be
understood in terms of a stronger coupling of the second
kind of atoms to the lattice, which are possibly trapped near
vacancies or dislocations of the lattice. The stronger delocal-
ization of the H electron in the vicinity of a vacancy should
lead to a larger reduction in the hyperfine constant, in agree-
ment with the observations for the atoms of this kind. How-
ever, the small width of the observed ENDOR transitions
implies a homogeneous crystalline field experienced by the
atoms and does not support the suggestion above. Further
work is required to resolve this problem.

The most intriguing observation of our previous and cur-
rent work is the significant deviation of the steady-state
nuclear polarization from the value determined by the Bolt-
zmann statistics. The deviation was substantially larger for
the lower density samples on the Mylar substrate, containing
mainly the first kind of atoms. Since the population of the
lower energy (ground) state is enhanced, we suggested in our
previous work that this phenomenon can be related to Bose-
Einstein condensation (BEC) of the impurity atoms. How-
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FIG. 17. (a) Schematic drawing of the simulation object. Local
fields are calculated for atoms which are located within a distance
=p from the z axis. (b) Comparison of experimental (continuous
line) and simulated (circles) line shapes, n=1X10'" ¢cm™ and
ng,/ny=~2. The simulation parameters are: L=500 nm, d=p
=30 nm, and the histogram was computed with 100 points/G but
reduced to 10 points/G in the plot.

ever, the average densities obtained so far are not enough to
reach BEC at the temperatures of the experiment, even as-
suming that the effective mass of the impurity atoms is close
to the H bare mass. The deviation from Boltzmann behavior
seems to increase gradually when the temperature is lowered
(Fig. 16) and does not allow a determination of the critical
temperature. This is reasonable considering that BEC is a
second or third order transition. On the other hand, the
samples deposited on the curved mirror corresponding to a
copper substrate do not appear to deviate from the Boltz-
mann distribution (see Fig. 16). Further studies of this sys-
tem will be needed to understand this complex phenomenon.
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APPENDIX: DIPOLAR INTERACTION EFFECTS
IN THE ESR SPECTRA

The experimental line shape was modeled by calculating
the probability distribution of the local dipolar fields of H
atoms in the H, film. The local fields were obtained for ran-
dom distributions of atoms in a model lattice. The lattice is a
square slab resembling the geometry of the H, film, with
thickness d and lateral dimension L,=L,=L, L>d [Fig.
17(a)]. The fields are calculated for atoms which are located
inside a cylinder of radius p<<L/2, centered on the z axis.
This allows the average magnetization near the upper and
lower film surfaces to be taken into account. The maximum
volume of the model film L?d and thus the number of H
atoms nL?d was limited by the computational time so not
more than 10° dipoles were used in the calculations.

PHYSICAL REVIEW B 81, 104516 (2010)

The local field experienced by an atom in the model film
was obtained by summing the dipolar fields created by the
remaining dipoles. At location r;, the magnetic field induced
by a single dipole located at r; is given by

fo 3(m - rij)rij - ln|rij|2
B.(r.)="2 , Al
d(rlj 47 |r,'j|5 ( )

where m=g,uz€;/2 is the magnetic moment of the dipole at
r; (§1By) and r;=r;—r; The enhancement of the dipolar
interaction between like atoms can be taken into account by
an additional factor 3/2 in Eq. (A1).*’ In order to obtain the
total local field B ;atr), the contribution of all other dipoles
has to be summed,

B;= E Bd(rij)~

[RES]

(A2)

The local fields are calculated for all atoms within distance p
from the z axis. The procedure of random filling of the slab
and subsequent calculation of the local fields is repeated until
10*~10° values are obtained. We then computed a local field
probability histogram, which represents the ESR line shape
f(B) in discrete intervals. The position of the f(B) peak
yields the average magnetization B, in the film and the
width gives the ESR line broadening due to dipolar interac-
tions of H atoms.

We tested different lattice models: hexagonal close
packed (hcp), simple cubic, and arbitrary positions of atoms.
We introduced the parameter of minimum distance () be-
tween H atoms taking into account that atoms located at
neighboring lattice sites recombine and the approach of at-
oms toward each other has to be restricted.!"!3 No difference
in broadening or shift was observed between different lattice
types for the experimental range of densities. We also studied
the dependence of the computed line shape on the minimum
distance . At distances larger than 4a (a=0.375 nm for hcp
p-H,), the shape of the local field distribution changed from
Lorentzian to Gaussian. In the range 2a = §=4a, the simu-
lated and experimentally measured line shapes converged
and the simulated line shape remained Lorentzian. The simu-
lations [presented in Figs. 9, 11, and 17(b)] were performed
in an hcp lattice with 6=2.5a. The average magnetization
ABg;, was found to be constant for the film thicknesses
d between 45 (=4 nm) and 50 nm. For unlike atoms
the results for the density-dependent magnetization and
the broadening are, respectively, —0.71 G/10" cm™ and
0.85 G/10" cm™.

In Figs. 9 and 11, we present results for the ESR linewidth
and shift obtained in the simulations. Because the experi-
mental line contains other sources of broadening, not in-
cluded in the simulation, the widths of the simulated and
experimental line shapes are not directly comparable. The
experimental ESR linewidth suggests that the ESR line is
broadened by two distinct sources: the density-dependent di-
polar broadening due to H atoms and the constant broaden-
ing caused by other sources, containing instrumental and
0-H, contributions. With this assumption, we compared the
density-dependent change in the linewidth between simula-
tion and the experiment. The slope of the linear line in Fig. 9
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is obtained from the density dependence of the f(B) width
while the zero density offset is from the experiment.

To compare the simulated and experimental line shapes
directly, we convoluted the simulated dipolar line shape f(B)

PHYSICAL REVIEW B 81, 104516 (2010)

with an experimental line shape recorded at the low density,
where the dipolar broadening due to H atoms is negligible
(n=6%10" cm™ and FWHM=~0.6 G). The result is pre-
sented in Fig. 17(b).
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