Quench-condensed hydrogen films studied by cryogenic ToF-SIMS
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Abstract

Surface melting of solidified hydrogen has attracted attention in the field of superfluidity, but the
existence of surface melting of solid hydrogen itself is still controversial. In the present study, we
developed cryogenic time-of-flight secondary mass spectrometry (ToF-SIMS) capable of detecting
surface melting by selectively analyzing hydrogen on the outermost surface. Combined with low-
energy ion scattering for well-defined film growth, we successfully investigated the surface structural
transition of the quenched condensed hydrogen film grown on polycrystalline tungsten substrate
below the triple point. It was found that the ToF-SIMS intensity variation of HT ions by increasing
the temperature of the solid hydrogen film at a constant ramp rate (temperature-programmed ToF-
SIMS) shows two prominent features: the increase accompanied by sublimation and the decrease
due to the elimination of the hydrogen admolecule from the tungsten surface. Both features are well
explained by the desorption of hydrogen molecules from the solid hydrogen surface. We observed

no evidence of surface melting.
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I. INTRODUCTION

Cryogenic solid hydrogen has attracted attention due to its technological importance in
the storage and transportation of hydrogen as a clean energy source. It has been also an
important substance as a target in various experiments, such as nuclear reactions and laser-

ion acceleration.

Another interesting topic related to cryogenic solid hydrogen is the surface melting (or pre-
melting, surface supercooling, etc) of solid hydrogen in the field of superfluidity. Since the
first theoretical suggestion by Ginzburg and Sobyanin [1], a number of theoretical studies
have repeatedly pointed out the possible superfluid behavior of para Hs (pHs) like helium
that is the only substance showing macroscopic superfluidity [2, 3, 5-11]. These predic-
tions essentially arise from the quantum nature of pHs with light mass and bosonic ground
state (J = 0). From the Bose condensation temperature of an ideal Bose gas given by
3.31h°n?/3 |kgmg?/?, the appearance of the superfluidity is naively expected at a higher
temperature for pH, than *He, where kg is Boltzmann’s constant, m is the atomic mass,
n is the number density, and ¢ is the degeneracy of each single-particle state of a definite
momentum [1, 2]. The Bose temperature of pHj is calculated to be about 6 K, which is

higher than the superfluid transition temperature of *He (2.2 K).

However, pHy solidifies at a triple point temperature of 13.8 K, well above the predicted
superfluid transition temperature, due to the stronger intermolecular attraction than he-
lium based on the Van der Walls force. Therefore, the suppression of the intermolecular
interaction has been considered as a crucial factor for realizing superfluid pH,. The second
macroscopic superfluidity following helium, if realized, should provide a deeper understand-
ing of the quantum nature of matter; therefore, the control of intermolecular interaction of

hydrogen has been challenged by many researchers.

The intermolecular interaction is often weakened at a surface due to the breaking of the bond
at the terminated plane. The surface melting is a consequence of this intrinsic instability of
the surface, which has been observed on various surfaces [12-14]. However, the appearance

of the surface melting seems to be still controversial for solid hydrogen as follows.



Several years ago, Makiuchi et al. claimed that anomalous diffusion appeared only at the top
surface of a solid hydrogen thin film grown on a glass substrate, which was further suggested
to be indicative of a superfluid state [15]. Before Makiuchi et al., there are also a number of
studies suggesting the surface melting or similar phenomena of solid hydrogen. For exam-
ple, it has been reported that the melting temperature is substantially lower than the triple
point in a two-dimensional system of pHy grown on a Li substrate [16]. The lower melting
temperature of the surface than the bulk has also been reported for Hy clusters [17, 18] and
a solid Hy film [19-22]. However, a more recent theoretical study by Boninsegni has claimed
that there is no evidence that the top layer of a pHs film remains liquid [23]. Furthermore,
experimental studies using surface plasmon resonance have reported that the surface molten

layer of solid hydrogen does not exist [24].

The striking contradiction between literature concerning the surface melting of solid hydro-
gen may be partly due to the absence of analysis using a technique that is sensitive both to a
topmost surface and hydrogen. A few available experimental data have been obtained using
hydrogen-sensitive techniques, such as neutron scattering, for powder samples to enhance
the surface volume ratio [22]. However, the melting of hydrogen in those powder experiments

might be affected by the confinement effect [25].

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a well-established technique
for selective analysis of surface hydrogen. Since the emitted secondary ion yield depends on
the density of the target molecules on the surface of which it is composed, surface melting
can be detected from the intensity change of ToF-SIMS because the density of the target
molecule generally changes significantly with the phase transition. Thus, the secondary ion
yield drops with surface melting as the sample temperature is gradually increased if the melt-
ing occurs (temperature-programmed ToF-SIMS). This technique has been demonstrated to

be useful for detecting the surface melting on various surfaces including ionic liquids [26].

The ToF-SIMS intensity I is generally dependent on the surface density of the precursor ion
C; as
I'=I,SKnCj, (1)



where I, the primary ion beam current, S the sputtering yield, K; the ionization rate, and
7 the instrumental function. Assuming these parameters are constant except for C; before
and after the structural phase transition, the ToF-SIMS intensity drops at a phase transition
from solid to liquid because of the decrease of the constituent molecules density, that is C;
during the phase transition. In other words, the ToF-SIMS intensity should decrease if the

melting occurs, which has been confirmed for various samples including ionic liquids [26].

To the best of our knowledge, this technique has not been applied to a solid hydrogen surface.
A much lower temperature is required to solidify hydrogen compared to ionic liquids, and
this will be a challenge for ToF-SIMS analysis. The cryogenic technique combined with
ToF-SIMS is not trivial, because ToF-SIMS requires the incidence and exit of an ion beam
for measurements through apertures on the radiation shield, which remarkably reduces the

cooling capability of the cryostat.

It is noted that it has been reported that the hydrogen molecules on solid hydrogen surfaces
are highly mobile even at much lower temperatures than the triple point. [15, 19] This has
been discussed in terms of surface diffusion of the hydrogen molecules with the activation
energy being substantially smaller than the thermal activation energy of a vacancy in the
bulk solid hydrogen. These mobile hydrogen molecules on the surface are not necessarily

related to surface melting because the hydrogen molecules may move by hopping.

There are also reports from previous studies concerning the annealing effect of a solid Hs film,
which may closely related to the topic in the present study. It has been revealed that the
electrical conductivity of a quench condensed-H, film increases by two orders of magnitude
by the increase of the temperature from 2 K to 4.2 K. [27-29] This observation has been
discussed in terms of the surface roughness. It has been discussed that the annealing effect

may be caused by mobile uppermost surface layers.

In the investigation regarding the surface melting of solid hydrogen, it is important to
solidify hydrogen on a clean substrate surface. This is especially the case for an ultra-thin
film because the interaction of the adsorbed hydrogen with the underlying substrate surface

largely affects the nature of the thin film. In fact, it has been indicated that the superfluid



properties of pHy are influenced by impurities or intended dopants [3, 30]. Unfortunately,
ToF-SIMS is not suitable for confirming the clean surface due to the lack of quantitation
caused by the matrix effect. For this reason, we combined ToF-SIMS with low-energy ion
scattering spectroscopy (LEIS) in the present study. The area of the aperture placed at the
radiation shield of the cryostat for entry and exit of the ion beam was minimized by sharing
the incident ion beam as well as the detector between ToF-SIMS and LEIS. This enabled
successful ToF-SIMS measurements on the surface of hydrogen films solidified by quench

condensation.

II. EXPERIMENTAL AND THEORETICAL METHODS

Experiments were performed in an ultra-high vacuum (UHV) analysis chamber (7x107?
Pa) configured for home-built ToF-SIMS and LEIS. ToF-SIMS and LEIS shared the ion
source of electron impact type (ULVAC, FIG-5) as well as the detector that is an electro-
static hemispherical energy analyzer (VSW, CL50), as shown in Fig. 1. A schematic drawing
of the entire UHV chamber and evacuation system is shown in Fig. S1 [4]. Incident ion
beam was 2 keV He™ ion with the diameter of approximately 2 mm at the sample position
in both ToF-SIMS and LEIS. The ion beam was continuous in LEIS while it was pulsed
in ToF-SIMS by the pulsed electric field, with a pulse width of 500 ns and a duty ratio of
1.5%. The pulse signal for chopping and the output signal from the energy analyzer were
respectively used as a start and a stop signal of a time-to-digital converter (TDC) (FAST
ComTec, P7888) for obtaining ToF spectra. In ToF-SIMS, we set the pass energy and the
analysis energy of the energy analyzer to 90 eV and 10 eV, respectively. Thus, the secondary
ions measured in ToF-SIMS have a kinetic energy of 10 eV, which, which were accelerated
to 90 eV inside the energy analyzer. The flight length corresponds to the distance between
the deflector for the ion beam chopping placed in the incident beam line and the detector
of the energy analyzer. In our ToF-SIMS measurement, the beam fluence was less than 1012
ion-cm~2 that is the typical condition for static SIMS. In both ToF-SIMS and LEIS, the in-
cident angle of the primary ion beam and the exit angle of the secondary ions measured from
the surface normal of the sample were both 45°. The hydrogen partial pressure in the UHV
chamber during ToF-SIMS measurements was analyzed by quadrupole mass spectrometer

(QMS, Pfeiffer Vacuum, Prisma).



We exposed a clean polycrystalline tungsten foil of thickness 0.1 mm (purity: 99.95%, Nilaco,
Japan) cooled below 4 K to hydrogen gas (Hs, HD, or D) to prepare the quench condensed
- hydrogen film. The surface of the tungsten foil was preferentially parallel to {100} due
to the rolling textures. The purity of the Hy, HD, and D, gases was 99.99999%, 97%, and
99.995%, respectively (Suzuki Shokan Co., Ltd). Before the hydrogen film growth, the W
substrate surface was cleaned by a combination of flash heating to above 1800 K in UHV
and 2 keV Ar? ion sputtering. After repeated cycles of the surface cleaning procedure, we
successfully confirmed the clean W surface by LEIS (Fig. S2 [31]). The hydrogen partial
pressure during the exposure was controlled to be 1.33x10~7 Pa for 0.1 L or less, 1.33x107°
Pa for over 0.1 L to 2 L, 1.33x107° Pa for over 2 L to less than 25 L, and 1.33x10~* Pa
for over 25 L, where 1 L = 1.33x10~* Pa-s. The temperature-programmed ToF-SIMS mea-

surements were started within 5 minutes of hydrogen exposure unless otherwise specified.

Hydrogen gas for quench condensation was introduced into the analysis chamber through
a variable leak valve. The Hs gas was supplied either directly from a cylinder or from a
homemade ortho-para converter that was constructed according to the literature. [32, 33]
The ortho-para converter consisted of a copper tube (1/8 inch diameter, 1 m length) into
which we put iron (III) hydroxide powder (Aldrich, catalyst grade, 30-50 mesh). It was at-
tached to the cold head of the Gifford MacMahon (GM) closed-cycled He refrigerator (SHI,
SRDK-205E). The flow rate of hydrogen gas was 50 Pa-L/s at temperatures below 40 K.
After the pressure in the tube reached 1.5 atm, hydrogen in the copper tube was frozen
with the refrigerator cold head cooled below 4 K, and this temperature was maintained for
several hours. Finally, the hydrogen gas that evaporated from the copper tube was used for
the film growth of solid hydrogen. The ortho-para conversion rate is estimated to be more

than 90%. [32, 33]

We used a GM refrigerator (Iwatani, HE05) together with a homemade sample stage and
a radiation shield to construct a UHV-compatible cryostat that allowed sample cooling to
below 4 K during ToF-SIMS and LEIS measurements (Fig. 2). The thermal shield around
the sample, the shape of which is shown by the solid black line in Fig. 2, is retractable

to allow the sample exchange through the load-lock chamber. The sample was electrically



floated for flash heating of the sample by electron bombardment and also to monitor the

primary ion beam current.

The sample temperature was measured by a silicon diode sensor (Lake Shore, DT-670-SD-
1.4H) placed near the sample, which was calibrated by the manufacturer from 1.4 K to 500
K. The temperature deviation between the read temperature of the Si diode sensor and
the actual sample surface temperature is corrected by separate measurements on supercon-
ducting transition of a polycrystalline Nb foil. The thickness of the Nb foil was 0.1 mm,
which was the same as that of the W foil for the growth of the solid hydrogen film. The
nominal superconducting transition temperature of Nb (9.25 K) was confirmed beforehand
by a SQUID magnetometer (Quantum Design, Inc., MPMS-XL) as shown in Fig. S3 [34]. It
was observed that the read temperature of the silicon diode sensor at the superconducting
transition temperature of the Nb film (9.25 K) was 8.4 K (Fig. S4 [35]). In our tempera-
ture calibration, this temperature difference (0.85 K) is added to the reading temperature
of the silicon diode sensor. Even after this temperature calibration, there should still be a
temperature difference between the actual sample surface temperature and the calibrated
temperature. The effect of this temperature difference will be discussed in the Results and

Discussion section.

Density functional theory (DFT) calculations were performed with VASP code [36-38] us-
ing the PBEsol [39] exchange-correlation functional. We used cutoff energy of 550 eV and
a k-point sampling of 9x9x1. In order to have an accurate description of the interac-
tion between hydrogen and the tungsten surfaces, we considered Van der Waals-dispersion
energy-correction by S. Grimmes (DFT-D3 method) [40, 41]. The structure model of W(100)
consists of six-layer slabs, where all short-bridge and three-fold sites on the surface are fully
occupied by adsorbed hydrogen atoms and one a hydrogen molecule is ~1.84 above the
hydrogen atom layer [42]. All of the atoms were relaxed during the geometry optimization
procedure except the bottom two layers which were held fixed to the bulk geometry. 2x2
supercell for the surface and a 30.0 A vacuum in the c-direction are used. The resultant lat-
tice constants of the model structure are a=b=6.37400 A and ¢=38.06750 A. The desorption
energy of the hydrogen molecule on the hydrogen atom layer was estimated as energy differ-

ence between the fully relaxed structure and the structure in which the hydrogen molecule



is ~13 A above the hydrogen atom layer (see the bottom of Fig. 8). The latter structure
was determined by placing the hydrogen molecule 1 A away from the stable position in the
c direction. The total energy was 1.5 meV lower than the sum of total energies of fully
hydrogen-atom-covered W(100) slab model and isolated hydrogen molecule, suggesting that

our calculations are accurate to this energy order.

III. RESULTS AND DISCUSSION

Figure 3 shows ToF-SIMS spectra of a tungsten surface exposed to HD of 100 L. During
the exposure and the following ToF-SIMS measurement, the sample temperature was kept
below 4 K. It has been indicated that the emission of H" and DT ions by keV energy He™
ion impact is attributed to both the kinetic sputtering and the potential sputtering [43].
The W-derived cation at a mass-to-charge ratio (m/z) of about 200 is composed of several
components including hydrated tungsten (W — (H3O)") and protonated tungsten (W — H™)

in addition to tungsten mono-cation (WT).

Figure 4 shows H* intensity of ToF-SIMS in the temperature-programmed ToF-SIMS mea-
surement. The sample was prepared by exposing it to a normal Hy atmosphere below 4 K.
The measurement was performed by raising the sample temperature at the constant rate of
2 K/min from the quench condensation temperature. We observed substantial enhancement
of HT ion emission by the increase of the sample temperature, as shown in Fig. 4. The peak
position with a small exposure of 0.3 L was about 25 K, which shifts to lower-temperature
side with larger exposure. Looking more closely, one notices that the onset position of the
peak (labeled (i) in Fig. 4) shifts to a lower temperature side with increasing exposure,
while the decreasing slopes of the peak are shared among the different exposures resulting
in the peak elimination at the identical temperature (labeled (ii) in Fig. 4). The shift of the
peak onset position (i) was almost complete at 25 L, where the peak onset position reached
below 5 K. Thus, the peak onset position (i) shows no shift with further exposure above 25

L, which was confirmed upto 360 L (not shown).

Desorption of hydrogen from the surface during ramping of the sample temperature occurs

not only at the sample surface, but also at other parts of the cryostat, such as the second



stage of the refrigerator. It is noted that an overwhelming fraction of hydrogen molecules
adsorbs on the colder parts of the cryostat. However, the hydrogen molecules adsorbed on
the parts other than the sample surface are not detected by ToF-SIMS because the ionization
of the hydrogen molecule required for being detected takes place only at the impingement
position of the incident He™ ion beam. Note that the diameter of the incident Het ion beam

(about 2 mm) was much smaller than the sample size (10x10 mm?).

We observed essentially no difference between normal Hy and para Hy in the temperature-
programmed ToF-SIMS measurements (Fig. S5 [44]). Thus, the intensity variation of the

H* ion observed in Fig. 4 is not related to the nuclear spin isomer effect.

The temperature-programmed ToF-SIMS result of the Dy film shown in Fig. 5 is quite
similar to that of the Hy film in Fig. 4. The measurement conditions, such as quench
condensation temperature and temperature ramping rate, were the same between the mea-
surement for Hy (Fig. 4) and D, (Fig. 5). Similar to Hy, there are two prominent features in
the temperature-programmed ToF-SIMS result: the peak onset shift with exposure amount
labeled (i) and the peak elimination at the same temperature among the different exposure

amounts labeled (ii).

A closer look reveals a distinct isotope effect in the temperature of the peak onset position,
which is summarized in Fig. 6 for the exposure amount of 100 L. The onset temperatures
of the hydrogen peak in Fig. 6 are, in order from lowest to highest, Hy, HD, and D5, which
are 4.6 K, 5.2 K, and 5.9 K, respectively, for the half-maximum value. Since the increase
in ToF-SIMS intensity from these onset temperatures is attributed to the densification of
the hydrogen film as discussed below, the structural transition is discussed below using the

onset temperature of the hydrogen peak.

Those onset temperatures (4.6 K, 5.2 K, and 5.9 K for Hy, HD, and Ds, respectively) are
correspond to the saturated vapor pressure of solid hydrogen for the pressure of 10~ Pa
estimated from the following Eqgs. (2)-(4). This saturated vapor pressure value is consistent

with the hydrogen partial pressure around those temperatures measured by QMS shown in

Fig. 7.



The solid-vapor saturation pressure of normal Hy (Qp2) is shown to be approximately ex-
pressed by [45]

The expression is applied to the temperature range from 2.5 to 4.5 K in which the constant
sublimation energy (813.8 J/mol) is assumed. It is noted that this value is close to the
binding energy of the hydrogen solid. Similarly, the solid-vapor saturation pressure of HD

(Qup) and normal Dy (Qp9) are approximately expressed by

and

InQps = 15.91 — 147.2/T, (4)

respectively [45]. The applicable temperature ranges are 3.4-4.3 K and 3.8-5.3 K for the
same reason as Hs, respectively. The temperatures for Hy, HD, and D, estimated for the
pressure of 107* Pa are 4.2 K, 5.2 K, and 5.9 K using Eqs. (2)-(4), respectively. The fact
that the onset temperatures of the hydrogen peak in Fig. 6 agree well with these values in-
dicates that the onset of the hydrogen peak is due to the sublimation, although it is slightly
out of the applicable temperature range. Since the sublimation energy involved in Egs.
(2)-(4) corresponds to the binding energy of a solid, the desorption of hydrogen molecules
from the surface should take place on a solid surface (sublimation), not on a liquid surface

(evaporation).

Because a further elevation of the temperature enhances the sublimation of hydrogen from
the surface, the falling edge of the hydrogen peak reflects the decrease of the surface hy-
drogen concentration due to the desorption from the surface. Thus, the falling edge tem-
perature is considered to reflect the hydrogen molecule - surface bond strength. To verify
this assumption, we estimated the desorption energy of the hydrogen molecule from a fully
hydrogen-atom-covered W(100) surface by DFT calculations. Figure 9 is a result of nudge
elastic band technique and plots the total energy against the location of a hydrogen molecule
along the path leading from the top of surface to vacuum. There is no activation barrier,

and the energy difference between the initial and final states is calculated to be 78 meV.
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The desorption energy of a molecule can also be estimated from the desorption temperature

of the molecule by using Readhead equation: [47]

do A —Eq
7 — Zgmelw)

where 0, T', A, B, m, Ey4, R are surface coverage, temperature, pre-exponential factor, heat-
ing rate, desorption order, desorption energy, and gas constant, respectively. By substituting
A =108 s7! =2 K/min, m=1, E;=0.078 eV, R = 8.617x107> eV K~ ! into the equation,
the falling of the hydrogen peak is calculated to ~30 K, which agrees well with the experi-
mental value shown in Fig. 4. Therefore, it is evident that the falling of the hydrogen peak
at ~30 K reflects the desorption energy of hydrogen molecule from the fully hydrogen-atom-
covered W(100) surface.

The vapor pressure of hydrogen is not negligible at 3-4 K in UHV, which is the lowest
achievable temperature in the present study. Therefore, it is crucial to discuss the ad-
sorption/desorption balance at the sample surface during the film growth as well as the
measurement. From Eq. (2), it is estimated that the saturated vapor pressure of hydrogen
(Hy) is 1x107° Pa at 3.8 K, which is close to the exposure temperature in hydrogen film
growth. The hydrogen pressure introduced into the chamber (1x10~* Pa) for hydrogen
film growth of over 25 L. was much higher than this pressure; therefore, the hydrogen film
thickness increases with the exposure time in the initial stage of film growth. As the film
thickness increases, the film growth rate is likely to decrease due to the limited thermal
conductivity of the hydrogen film itself, because it is exposed to room temperature through
the aperture of the thermal shield. Since the vapor pressure is exponentially dependent
on the temperature, which is not negligible in our setup, the thermal radiation from the
room temperature part is considered to give an upper limit of the hydrogen film thickness.
Indeed, we observed that the W-derived signal of ToF-SIMS still appears even after very
large exposures such as 600 L (not shown). In our calculation for depth profiling of the
defect creation probability using the close-encounter probability method [48], it is estimated
that the 2 keV He™ ion can create defects in the solid hydrogen film up to 200 nm depth.
By considering the energy loss in the collisional cascade approaching the surface, the upper

limit of the hydrogen film thickness is estimated to be far below 200 nm.
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In the initial stage of the temperature-programmed ToF-SIMS measurement, which was
started immediately after the hydrogen film growth by the exposure of 100 L, the hydrogen
partial pressure remains at about 1x10~% Pa up to 6 K as shown in Fig. 7. This is a con-
sequence of the balance between the evacuation rate and the desorption of hydrogen from
some parts of the cryostat, whose area is much larger than the sample surface. Since the
vapor pressure of hydrogen is estimated to be below 1x10~* Pa up to the onset temperature
of the ToF-SIMS peak where sublimation is considered to start (about 4.2 K); hence the

hydrogen film thickness is mostly maintained.

Since the saturated vapor pressure of hydrogen in UHV is not negligible at the lowest achiev-
able temperature (3-4 K) in our setup, the temperature-programmed ToF-SIMS result is
assumed to depend on the pressure of hydrogen in the chamber. This point was investigated
by controlling the hydrogen partial pressure in the chamber. Figure 9 shows the comparison
between with and without the inlet of Dy gas (partial pressure: 1x10~* Pa) during the
ToF-SIMS measurement. The actual Dy pressure during the measurement around the peak
temperature position (5-8 K) is estimated to be about 2x107* Pa and 1x10~* Pa with and
without the Dy gas inlet, respectively, by referring to the hydrogen partial pressure data
shown in Fig. 7. It is observed that the onset temperature of the ToF-SIMS peak differs
each other by about 0.6 K, which is consistent with the sublimation temperature difference

estimated by Eq. (4).

It is observed in Fig. 9 that the D% intensity with the Dy gas inlet is significantly larger
than that without the Dy gas inlet below the peak temperature. This is due to the densifi-
cation of the film that occurs under the hydrogen atmosphere as discussed below. Since the
densification of the hydrogen film in the D, atmosphere is continuous up to the sublimation

temperature, the ToF-SIMS peak is less pronounced with the Dy gas inlet.

To summarize, the hydrogen intensity variation in the temperature-programmed ToF-SIMS
curve shows two features: the intensity increase shifting to lower temperature with the ex-
posure amount ((i) in Figs. 4 and 5) and the elimination of the peak at the identical position

among different exposures ((ii) in Figs. 4 and 5). The former is due to the sublimation of
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hydrogen and the latter is due to the desorption of hydrogen admolecules contacting to the
atomic hydrogen layer grown on the tungsten surface. Since both phenomena take place on
a solid surface and no indication suggesting liquid hydrogen is observed, the possibility of

surface melting at the solid hydrogen surface is ruled out.

There should be a deviation between the calibrated temperature and the actual sample sur-
face temperature at temperatures lower than the superconducting transition temperature
of Nb that was used for the temperature calibration. We believe that this temperature
deviation should not be so large enough to change the conclusion since the sublimation
temperature estimated using this temperature calibration is consistent with that estimated

from the hydrogen partial pressure measured by QMS shown in Fig. 7.

The mechanism of the increase in hydrogen intensity by sublimation in temperature-
programmed ToF-SIMS is discussed below. Figure 10 shows the ToF-SIMS intensity of
H* and W-derived mono-cations as a function of exposure to normal Hy atmosphere below
4 K. The intensity variation of H" and W-derived mono-cation is similar in the exposure
range above 1 L. The similar behavior between H* and W-derived mono-cation is attributed
to the protonation of the sputtered tungsten atom that affects the intensity of the W-derived
mono-cations. On the other hand, the intensity variation is quite different in the initial stage
of the exposure below 1 L: the intensity of the W-derived cations decreases while that of
H* increases. This opposite behavior between the W-derived cations and H* indicates that
those ToF-SIMS intensities are governed by the surface coverage of hydrogen. Thus, the
intensity variation of the W-derived cations is the consequence of two competing effects: the
decrease accompanied by the surface hydrogen coverage and the increase with the protona-

tion of the sputtered tungsten atoms.

It is observed in Fig.10 that the H' intensity variation is saturated with an exposure of about
5 L. This indicates that the tungsten surface is completely covered by exposure to hydrogen
at this exposure level. Note that the change in the temperature-programmed ToF-SIMS
profile with the exposure to Hy in Fig. 4 saturates at a larger exposure level of 25 L. Thus,
the amount of exposure to Hy needed for saturation of the change in the ToF-SIMS intensity

(Fig. 10) and that in the temperature-programmed ToF-SIMS (Fig. 4) are substantially
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different. The former is determined by the surface coverage by hydrogen, that is hydrogen
adsorption, while the latter is determined by the sublimation as previously discussed. Thus,
the discrepancy in the exposure amount dependence between these two results implies that
the sublimation of the solidified hydrogen is not simply a reverse process of adsorption. We
consider that the re-adsorption of sublimated hydrogen is the mechanism of densification of
the quench-condensed film that is originally in a low-density state. The densification of the
precursor molecules in the film enhances the secondary ion emission intensity I as shown in
Eq. (1). It is reasonable to expect that the ionization rate K; also changes by this densi-
fication of the hydrogen film due to the matrix effect, but the relationship between C; and
K is not clear in the present stage; hence the effect of the ionization rate is not discussed

in this paper.

The proposed mechanism of the densification of the quench-condensed hydrogen film by sub-
limation is displayed in Fig. 11. It is well-known that the quench-condensed molecular film
has generally a sherbet-like structure containing various voids, hence it is in a low-density
state (Fig. 11 (a)). This is because the surface migration of a gas molecule is limited at the
cryogenic temperature for the quench condensation. Thus, the hydrogen gas molecules are
sticked at the firstly arrived position at the surface, which is the mechanism of the formation
of the low-density film. It is noted that re-adsorption of the sublimated molecules smooths
the rough surface, hence the density of the film increases (Fig. 11 (b)). Therefore, the
quench-condensed molecular film is densified at the sublimation temperature while the total

number of molecules in the film decreases.

Finally, the dissociative adsorption of hydrogen molecules is discussed. The hydrogen adsorp-
tion on a tungsten surface has been investigated by numerous studies both from experiment
and theory. If it is limited to the cryogenic temperature adsorption which can be directly
compared to the present study, however, the number of studies is limited. In the review by
Ptushinskii, it is stated that the adsorption of hydrogen is dissociative in the initial stage
of the adsorption on a single crystalline tungsten surface at 5 K [46]. Dissociative adsorp-
tion of hydrogen at cryogenic temperature (5 K) has been reported also by den Boer et al
for W(100) [49]. We also consider that adsorbed hydrogen contacting a tungsten surface

decomposes at those cryogenic temperatures. This is because the desorption temperature
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in the initial stage of the hydrogen exposure agrees well with our DFT calculation assum-
ing dissociation of hydrogen contacting the tungsten surface. It is likely that the hydrogen

adsorbs in the molecular form on this atomic hydrogen layer.

IV. CONCLUSION

Quenched condensed hydrogen films grown on a polycrystalline tungsten substrate were
studied to investigate the existence of surface melting. For this purpose, we developed
cryogenic ToF-SIMS combined with LEIS, sharing the incident He™ beamline as well as the
energy analyzer to minimize the entrance and exit apertures placed at the radiation shield
of the cryostat. We successfully demonstrated ToF-SIMS analysis of the solidified hydrogen
film grown on the clean tungsten substrate surface as confirmed by LEIS. We found that the
hydrogen ion intensity in temperature-programmed ToF-SIMS shows two prominent futures
due to sublimation and elimination of hydrogen admolecules, both well explained by the
desorption of hydrogen molecules from the solid hydrogen surface, revealing no pre-melting

layer on the surface.
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FIG. 1: Schematic of ToF-SIMS combined with LEIS. The incident ion beam line (2 keV He™) and
the detector (electrostatic energy analyzer) are shared between ToF-SIMS and LEIS to minimize

the size of the aperture placed at the radiation shield for entry and exit of ions.
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FIG. 2: (Color online) (a) Schematic of cryostat used for cryogenic ToF-SIMS. The heat-transfer
rod connecting the cold head of the GM refrigerator and the sample is displayed. The sapphire
plate 5 mm thick is used for electrically insulating the sample, which is heated above 1800 K by
electron bombardment for surface cleaning. In temperature-programmed ToF-SIMS measurement,
the heater placed in the heater block was used to raise the sample temperature at a constant rate.
(b) Details around the sample station. The thermal shield made of aluminum around the sample

is removed in this picture to see the sample station.
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FIG. 3: ToF-SIMS spectra of quench condensed HD film grown on a tungsten polycrystal substrate

prepared by exposing to the HD atmosphere of 100 L below 4 K.
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FIG. 4: Temperature-programmed ToF-SIMS spectra of H" measured on the quench condensed
hydrogen film on the tungsten substrate. The peak onset temperature and the temperature at which

the peak disappears are indicated by solid and dashed arrows labeled (i) and (ii), respectively.
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FIG. 5: Temperature-programmed ToF-SIMS spectra of D' measured on the quench condensed
hydrogen film grown on the tungsten substrate. The peak onset temperature and the tempera-

ture at which the peak disappears are indicated by solid and dashed arrows labeled (i) and (ii),

respectively.
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FIG. 6: (Color online) Temperature-programmed ToF-SIMS spectra of HT of the Hy film (solid
black curve), H" of the HD film (dotted red curve), and DT of the Dy film (blue chain curve). The

exposure amount is 100 L for all three measurements.
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FIG. 7: The hydrogen partial pressure measured by QMS during the temperature-programmed
ToF-SIMS measurement for the Ho 100 L/W sample. The ToF-SIMS measurement was started

immediately after the hydrogen film growth was completed.
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FIG. 8: (Color online) Temperature-programmed ToF-SIMS spectra of Dt of the Dy 100L/W
sample with (solid black squares) and without (open red circles) introducing the Dy gas of 1x10~*

Pa during the measurement.
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FIG. 9: (Color online) Total energy change as a function of hydrogen molecule position along
the path leading from the top of the hydrogen-atom-adsorbed W(100) surface to vacuum. In the
bottom of the figure, the atomic positions of initial and final states are shown. Grey and pink

circles denote W and hydrogen, respectively.
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FIG. 10: (Color online) ToF-SIMS intensities of HT (solid black squares) and W-derived cations

(open red circles) as a function of exposure to Hy below 4 K.

29



(a) - Quench-condensed H2 film

W

Densified H2 film

(b)

FIG. 11: (Color online) Proposed densification mechanism of a quench-condensed hydrogen film
by annealing. The low-density hydrogen film grown by quench condensation (a) is densified by

desorption during sublimation followed by re-adsorption after annealing (b).
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