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We have studied how the formation of molecular hydrogen on silicates at low temperature is
influenced by surface morphology. At low temperature (<30 K), the formation of molecular
hydrogen occurs chiefly through weak physical adsorption processes. Morphology then plays a
role in facilitating or hindering the formation of molecular hydrogen. We studied the formation
of molecular hydrogen on a single crystal forsterite and on thin films of amorphous silicate of
general composition (Fe,Mg(,_1))»Si04, 0 < x < 1. The samples were studied ex situ by Atom
Force Microscopy (AFM), and in situ using Thermal Programmed Desorption (TPD). The data
were analysed using a rate equation model. The main outcome of the experiments is that TPD
features of HD desorbing from an amorphous silicate after its formation are much wider than
the ones from a single crystal; correspondingly typical energy barriers for diffusion and desorption
of H, H, are larger as well. The results of our model can be used in chemical evolution codes of
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space environments, where both amorphous and crystalline silicates have been detected.

1. Introduction

The catalytic role of surfaces at low temperature is an
important topic in surface physics as well as in the under-
standing of the chemical evolution of the interstellar medium.' ™
In the former case, there is much to be learned, since different
physical/chemical processes can be distinguished and quanti-
fied. In the latter case, it is now recognized that the surface of
an interstellar dust grain is an important locus in the formation
of key molecular species found in interstellar space, from hydrogen,
the most abundant molecule in the Universe, to formaldehyde
and methanol, precursors to molecules of biogenic interest.*

In astrochemistry, the study of the formation of molecular
hydrogen is an important and active topic of research, since
molecular hydrogen intervenes, in the neutral state or charged,
in most of the reaction networks to produce more complex
molecules,>® and it is also indispensable in the cooling of a
gravitationally collapsing cloud by removing energetic photons
and re-radiating in the infrared, where the cloud is transparent.
Because of the cooling action of molecular hydrogen, the cloud
can further proceed to collapse into a protostar.’

Interstellar dust is made of carbonaceous material and
silicates.® One of the most important classes of silicates is of
the type (Fe,Mg_1))>Si04, 0 < x < 1. Mg rich silicates are
called forsterite and the Fe rich are fayalite. A common name
for the mineral found on Earth is olivine.
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Silicates are detected in emission and absorption in the mid-IR
through Si-O stretching and the O-Si-O bending mode at 9.7
and 18 um. Infrared spectroscopic work using satellites, such as
ISO (Infrared Space Observatory), coupled with measurements
in the laboratory, found that in the interstellar medium (ISM)
silicates are amorphous (or glassy), while in the circumstellar
environments of pre- and post-main-sequence stars a fraction
that can be as high as 20% is in the crystalline form.’ In the solar
system, as well as in protoplanetary disks, crystalline silicates are
typically found. In this case, it is speculated that the silicates
become crystalline through high temperature annealing in
protoplanetary/presolar environments.

A large amount of work has been done to study in the
laboratory the properties of man-made silicates and to then
compare them with infrared signatures from space.'®'? In the
research described in this paper, the catalytic properties of
amorphous silicates are compared with the ones of a single
crystal in order to gauge the role of surface order in the
formation of molecules. These results can then be used to
predict the efficiency of molecule formation on silicates in
different interstellar or planetary environments. With a similar
goal, studies of surface morphology of materials of astrophysical
interest were carried out on amorphous water ice'*'* and
other ices.!> More generally, studies of hydrogen adsorption
on and desorption from other porous materials were done, for
example, by Panella e al.'® and Volkringer et al."’

In the past, we extensively studied the formation of
molecular hydrogen on amorphous silicate surfaces.'® ! We
found that the interaction of hydrogen atoms and molecules
with surfaces of silicates at low temperature (<30 K) is
dominated by weak adsorption forces. TPD experiments after
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irradiation of the surface with H and D neutral atoms resulted
in HD features that were broad. We used a variety of methods,
already described in the literature and summarized below, to
obtain activation energies of diffusion of single atoms and
desorption energies of atoms and molecules. The mechanisms
of reaction were studied too. It was found that the Eley—Rideal
reaction, in which an atom impinges directly on another atom
on the surface resulting in the formation of a molecule without
prior accommodation with the surface, is not the main
mechanism of HD formation, at least in the range of
parameters explored, well below monolayer coverage of H
or D and surface temperature between 5 and 30 K. Rather
from an analysis of our experimental results we conclude that
the Langmuir-Hinshelwood reaction can explain most of the
results.’> However, in a recent experiment of D + D — D,
formation on a optically flat silicate film, Lemaire er al.**
found that 3.5% of D, molecules are formed inthe v = 4, J = 2
excited state and they estimated that up to 30% of the
molecules formed on the surface are in an excited state. The
remaining fraction comes off during the TPD. What fraction
of molecules is in excited states likely depends on the condition
of the surface. Too few experiments that measure the
ro-vibrational or translational states of molecules have been
done to draw conclusions; it appears that on rough, porous
surfaces, such as amorphous water ice, desorption is near
thermal,?*° but on graphite®® and on a smooth silicate film*
molecules come out in excited states. A model about
formation-driven excitation of H, based on recent experiments
is given by Islam er al.?

In our experiments on rough amorphous ice and silicate
surfaces, we found that thermal energy was needed to initiate
the reaction, meaning that tunnelling alone was not sufficient.>*
This is understandable, considering that tunnelling is very
sensitive to the height and width of the energy barrier separating
adjacent sites. Because of the amorphous nature of the films, it
is conceivable that there are deep adsorption sites for H and D
that act as traps, similarly to the problem of electron conduc-
tion in amorphous silicon. Indeed, while a calculation by
Hollenbach and Salpeter® showed that the motion of an H
atom on a polycrystalline water ice is fast due to tunnelling,
Smoluchowski®® found that H motion in amorphous ice is very
slow. His calculation gave a value of the efficiency of H,
formation that was much too small to justify the abundance of
H, in the interstellar medium where it is photodissociated at a
known rate and thus has to be made at the same rate for the
maintaining of steady state conditions.>® This was the motivation
to study in the laboratory the formation of H, on interstellar
grain analogues under space environments conditions. Now
we report the results of a study to evaluate how the structure
of the surface of a silicate, crystalline vs. amorphous, affects the
formation of H,. Information gained in this study helps
modellers of the chemical evolution of interstellar medium
environments;®! we also get a glimpse on processes of
hydrogen—surface interaction at low (~ 10 K) surface temperature.

2. Experimental

The apparatus used in these experiments consists of a main
chamber that houses the sample and a quadrupole mass

spectrometer, and two beamlines, each of which can be
pumped independently.>> The main chamber is pumped by a
cryopump, turbo pumps and an ion pump, yielding the
pressure of 1 x 107" Torr after the bake-out. The sample is
mounted on a cold finger attached to a doubly differentially-
pumped rotatable platform. The temperature of the sample is
measured by a calibrated LakeShore silicon diode thermo-
meter located right behind the sample and can be heated by a
cartridge heater in the sample holder or by regulating the flow
of liquid helium. Typically the heater is used to maintain a set
temperature of the sample during the irradiation process while
during the TPD experiments the temperature of the sample is
changed by cutting off the flow of liquid helium. For the
experiments presented in this paper, two different types of
samples were used, a single crystal of olivine (dimensions
10 x 10 x 3 mm®) and amorphous thin films of silicates
deposited on %’ " diameter copper disks. The thin film samples
were prepared by Dr John Brucato of the Arcetri Astronomical
Observatory in Italy. Thin amorphous silicate films of different
composition ((Fe,Mg;_,),Si04 (0 < x < 1)) were made by
laser ablation (wavelength 266 nm) of a mixed MgO, FeO and
SiO, target in an oxygen atmosphere (10 mbar) and were
deposited on 0.5 inch diameter OFHC copper disks. The
optical and stoichiometric characterization of the samples
produced with this technique is given elsewhere.!> Results
and analysis of molecular hydrogen formation have been
published before.'”?® Here we use samples with composition
Fe,SiO4 and FeMgSiOy (the silicate films yield similar TPD
features—see below—although the efficiency of H, formation
might vary depending on the surface disorder).'® The silicate
single crystal, an olivine (FeMgSiO4) with the (100) surface
exposed, was kindly provided by Dr Sergei Kucheyev of the
Livermore National Laboratory. The samples were mounted
on a sample holder whose temperature could be changed in the
range of 5 K to 800 K. AFM images of the single crystal and
the amorphous olivine are shown in Fig. 1. The single crystal is
flat with a peak-to-peak surface roughness of less than 5 nm
over a 10 micron range. The surface irregularities of the
amorphous silicate are higher by some orders of magnitude
up to a micron.

The single crystal silicate was anchored to a sample holder
that was connected to the cold finger via an Advanced
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Fig. 1 AFM images and line scans of single crystal silicate (left) and
amorphous silicate (right).
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Research Systems 800 K stage. This stage was used to thermally
decouple the cold stage from the sample during extended
heating of the latter. Due to the single crystal silicate poor
heat conductivity the temperature measured at the backside of
the sample might be different from the temperature at the front
side where the reactions actually take place. Therefore the
temperature measured by the silicon diode (the nominal
sample temperature) has to be checked and corrected when
appropriate. The correction procedure is described in the
Appendix.

Because of the fragility of the thin films, no ex situ chemical
cleaning was used. Instead, the samples were heated repeatedly
during the bake of the UHV chamber, and prior to each
experiment, to 380 K. According to a calculation of the
stability of single crystal silicates (forsterite, Mg,SiOy4) to
water adsorption, a chemisorbed layer of water is expected
to be present at the low index faces of fosterite.*>>* The
calculated binding energies of water on such surfaces are in
the range of 1 eV for most low-index faces. In a TPD
experiment, we would expect to find a water desorption peak
at 350400 K, according to the calculations. No water was
found to desorb from the amorphous silicate before 380 K as
measured by our quadrupole mass spectrometer. Heating
beyond 450 K, while still yielding no water, resulted in the
destruction of the sample during cooling, probably because of
mechanical stresses between the film and the substrate. The
single crystal was taken to over 600 K, again without emergence
of water. In these experiments, short dosing times were used.
From preceding work we know that in doing so, the typical
coverage is a small fraction (1-10%) of a monolayer.'> The
triple pass Hiden quadrupole mass spectrometer (QMS) is
mounted on a double differentially rotatable platform and can
therefore be used not only to check the reaction products, but
also to measure purity, flux and dissociation efficiency of the
incoming beams. In a typical experiment the sample is kept at
the desired temperature until the temperature has stabilized.
The QMS sensitivity diminishes for fast particles. Thus, our
detector underestimates the contribution from excited molecules
with high translational energy. Presently, it is not known what
the translational energy of excited molecules formed on
surfaces is, except for HD formed on amorphous water ice,
where the translational energy is nearly thermal.**** There-
upon the sample is exposed to the beams for a short time (the
“irradiation phase”, lasting typically from 30 s to 4 min) and
the QMS, placed in front of the sample and in between the
beam-lines, detects the composition of gases evolving from the
sample. After closing the beam-line valves, the flow of liquid
helium is cut which leads to a rapid and reproducible increase
of the surface temperature (desorption phase). Typically the
temperature is left to rise to 50-60 K before restarting the
liquid helium flow. Periodically the sample is heated up
without being exposed to the beams (dry runs) in order to
check back adsorption of gases that have not been pumped
away quickly enough.

3. Results and discussion

First, experiments were done to quantify the differences
between the single crystal and the amorphous film in terms of
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Fig. 2 The QMS mass-4 signal (reflected deuterium molecules) during
irradiation at different sample temperatures. Experiment data at left,
simulated traces at right (see Appendix).

the landscape of adsorption/desorption sites. In a previous
work, we studied the adsorption and desorption of D, mole-
cules to obtain the distribution of adsorption/desorption en-
ergies.! Here we do the same for the single crystal. Then, the
results of the formation of HD on the single crystal were studied
and compared with the results from an amorphous silicate.

3.1 Adsorption/desorption of D,

There are two distinct phases of the experiments: the phase of
irradiation of the sample with atoms/molecules and the
desorption phase.

In the irradiation phase, hydrogen and deuterium atoms or
molecules are introduced for a given amount of time, usually
30 s to 4 min, yielding a coverage on the surface of a small
fraction of a layer (assuming that every atom sticks). Fig. 2 (left
panel) shows the quadrupole mass spectrometer signal propor-
tional to D, molecules that are reflected from the surface. As the
experiment is done at higher surface temperature more mole-
cules are detected because fewer stick. Therefore, an analysis of
this measurement gives the sticking coefficient. Immediately
after each irradiation, the surface temperature is rapidly raised
so molecules desorb or atoms diffuse, react and the resulting
molecules desorb. Fig. 3 shows typical TPD traces after irradia-
tion of D, for 2 minutes at ~7 K. As mentioned in the previous
section, the temperature ramp is most reliably obtained by
shutting the flow of liquid helium, giving a very reproducible
temperature increase. Similar results are obtained using the
heater while keeping the liquid helium flowing. The slope of
temperature vs. time d77/dz is calculated and used to convert the
measured QMS signal dN/dz to dN/dT.

3.2 Analysis of data

To analyse the data we use a rate equation model.'® The number
of deuterium molecules on the single crystal surface during the
irradiation stage can be expressed by the following formula

dN E,
E:f—vNexp(—k—;) (1)
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Fig. 3 Desorption of D, from the single crystal silicate. The exposure
time is (bottom to top) 2 min, 4 min, 8 min, 16 min, respectively. The black
curves are the experimental curves and the red curves are the fits (see text).

where f is the incoming flux, the second term represents the
desorption of molecules from the surface, v is the attempt rate
which is taken to be 10'2 s™'', E4 is the desorption energy
barrier for deuterium molecules, 7' is the temperature of the
surface. Solving this equation we can get

/
(vexp (=) (1 = exp(~twexp(~#)))

The number of molecules desorbed from the surface, which is
proportional to the signal from the QMS, is

VN exp (f /f—;) :f(l — exp(ftyexp (f f—;))) 2)

If the exposure time is long enough, ¢t — + oo, the desorption
term will be f, which means that all the sites on the surface are
occupied, and the sticking efficiency becomes 0 (above this
temperature there is little or no D signal in the TPD, indicating
that there are no molecules left on the surface).

We then simulate the TPD process. In eqn (1) we make
explicit the dependence of the flux f{(r) and the temperature
T(¢) with time.

ro={5 15

>ty

70 1<ty
T(t) = _ 1
() 70 + “‘fi(f@t:)b +d(t—1)3 t>1

where f, is the time when the beam valve is closed and the
helium flow is cut off, 70 is the irradiation temperature. For
each experiment we need to find the best fit parameters for a, b,
¢, d and 70 in the above function. Since there are adsorption
sites with different energy barriers on the surface, we need to
modify the rate equation so that it can be used for the case
with multiple values of the energy.
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Fig. 4 Distribution of desorption energy of D, from the amorphous
silicate (top) and the single crystalline silicate (bottom).

The measured QMS signal is proportional to

ST UNi(1) exp(—%d(il)). We solve the differential equations

and the simulation result is fitted to the experimental data
by carefully adjusting the energies Eg; and their weights p;.
This distribution of energy is put into eqn (2) and we generate
a reflection trace for the irradiation phase

)

The red line in Fig. 3 shows a fit of a TPD experiment by
solving the rate equations; one can see that most of the
deuterium molecules desorbed at temperature from 9 K to
11 K. The bottom of Fig. 4 shows the distribution of
desorption energies of deuterium molecules from the single
crystal silicate. The distribution is centred around 25 meV.
This energy peak compares well with an independent measurement
of HD desorbing from polycrystalline olivine (peak at 10-12 K)*
and with D, desorbing from a flat silicate film (maximum yield
< ~12K)3

Similar TPD experiments were done with amorphous silicate
samples. The samples were exposed to a flux of D, molecules
for 4 minutes, and the exposure temperature is 12 K. A typical
dN/dT as a function of temperature is shown in Fig. 5.
Comparing it with Fig. 3, we can see that the TPD curve
covers a much broader temperature range than the one from
the single crystalline silicate surface. From Fig. 4 one can see that
the activation energies for desorption from the amorphous
silicate are higher than from the single crystal; furthermore,
the distribution is skewed, with a large number of deeper
adsorbing sites on the amorphous silicate surface.

That there is a wide distribution of desorption energies of
D, from amorphous materials at low temperature was also
found by Amiaud er al.** and by Perets et al.*® in the analysis
of D, desorption from compact amorphous water ice and
porous amorphous water ice.

3.3 Molecular hydrogen formation

Next we study the formation of molecule hydrogen on a
silicate surface. H atoms and D atoms are sent to the sample
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Fig. 5 Desorption of D, from an amorphous silicate; the temperature
vs. time curve is in the inset. The experimental trace is in blue, while the
red curve is the fit. The rise of the trace at high temperature is due to
noise in the conversion dN/dz to dN/dT.

in the main chamber through two beam lines. There are three
chemical reactions involved:

H+H—>H2
D+ D - D,

H + D - HD

We write the rate equations for H and D atoms and for H,, D,
and HD molecules. Here are the ones for H and H»:

N0 _ fits) — vV e""(_ ki_@)
7'EI’2 ¢
72?}"2
— v Nu()No (1) exp(‘ z?@))

dNHg(I)_ 7'5}’2 ) €H
ar~Va Valexp kT(r)

— vNu, (1) exp (_ kb;zt))

In eqn (3) the first term on the right side is the flux, the second
is the desorption term for atoms, Ey is the desorption energy.
The third is the diffusion term due to the reaction H + H —
H,, the factor 2 arising from the fact that two atoms form one
molecule. ey is the diffusion energy of H atoms. We assume
that one atom can only react with another atom within a
distance of r, A is the total area of the sample, then for each
atom there are %NH located within this range, and the
diffusion is proportional to this term.?” In our case, 4 is taken
to be 1 cm? and r is 0.2 nm, or about 3 times of the H-H bond
length. The exact value of r will not affect the final result of
diffusion energy too much since the diffusion energy is in the
exponential term. The fourth term in eqn (3) is due to the
reaction H + D — HD. In eqn (4) the first term on the right
side is the gain from the H + H reaction. The second term is
the desorption term for hydrogen molecules. Ey, is the H,
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Fig. 6 TPD of H + D from the single crystal. The irradiation times
are 1 min, 2 min, 3 min and the sample temperature is 7 K.
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Fig.7 TPD of H + D from the amorphous silicate. Adsorption
temperature 10 K, exposure times of 1 min (green), 2 min (blue) and
4 min (red).

desorption energy. For further details, see ref. 18. In the
experiment, mass 3 (HD) and mass 4 (D) are measured and
compared with simulation results, since mass 2 (H,) has
contributions from the background.

In the simulation, in order to keep the number of parameters
low, we don’t differentiate between H and D except for the
desorption of molecules. By comparing the simulation results
and the experimental TPD curve, see Fig. 6, we found that the
diffusion energy barrier is 8.5 meV for atoms (if we assume
thermal activation®”), the desorption energy for HD is 24.5 meV,
and the desorption energy for D, is 27 mev.

Similar experiments were carried out on an amorphous
silicate sample (Fig. 7). For the single crystal, there is a main
peak at about 10 K while for the amorphous olivine there is a
wide TPD yield between 10 K and 35 K. An analysis using a
similar model but fitting the TPDs with three main energies
gave the desorption energy of HD of 35, 53, and 75 meV and
the energy for diffusion of H of 35 meV."

4. Conclusions

The difference in the kinetics of H + D formation in amorphous
vs. single crystal silicates is rather dramatic. While HD
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molecules that are formed on the surface of an amorphous
silicate have desorption energies of around 60 meV, this energy
is much less on polycrystalline silicate (a telluric sample of
olivine) 27 meV, and even smaller here, 25 meV. The activation
energy for diffusion on a crystalline surface is also lower,
8.5 meV (if we assume thermal activation) compared to
35 meV in the case of an amorphous silicate. Obviously, as
pointed out before when we made a comparison of results
from an amorphous silicate with the ones from a polycrystalline
olivine'® this makes a difference in the formation of molecular
hydrogen on dust grains in actual space environments. The
calculated efficiency of molecular hydrogen formation on
grains in steady state conditions is high over a dust
temperature range that for amorphous grains is shifted to
higher temperature than for polycrystalline.'® For crystalline
silicates, this window is shifted even lower than for polycrystalline
silicates, thus making the formation of molecular hydrogen
problematic in this case, and, by extension, where crystalline
silicates are present.”>*3! When there is no chemisorption, it is
expected that this trend be verified also for the formation of
other molecules, especially the ones formed by hydrogen
addition reactions.” In the light Lemaire e al.’s experiments
on a smooth silicate film,? it is possible that on the single
crystal forsterite there is a fraction of molecules formed in high
ro-vibrational states. However, a conservative estimate of the
yield of HD molecules detected in our experiment during the
irradiation is 25% of the total yield. Nonetheless, similarly to
the estimate in Lamaire’s work,” the largest fraction of
molecular hydrogen formed on the surface is during the
TPD phase. It would be interesting to measure both fractions
as a function of surface morphology, as this measurement
would have implications for understanding the formation of
molecular hydrogen in interstellar space.

Appendix
Methods

One of the challenges in making measurements of surface
processes at low temperature is to obtain reliable reading of
the temperature of the sample. By using a combination of a
calibrated silicon diode and of gold/iron-constantan thermo-
couples placed in different locations around the sample, it was
possible to obtain reliable sample temperatures of samples
consisting of micron thick films of silicates deposited on
copper disks that were firmly fastened to an OFHC copper
sample holder.>* A thin layer of indium improved the thermal
contact between the various surfaces of the sample holder.
Because of the size and thickness of the single crystal, the
measurement of its temperature required to be verified and
corrected. This was done using irradiation and desorption
data from experiments with deuterium molecules.

Below is a summary of this temperature correction procedure
that is done using the experiments with D, adsorption/desorption.
We found that this method is very robust and it capitalizes on our
experience with analyzing TPD traces at these low temperatures.

We run the rate equation simulation and find the desorption
energy distribution by fitting the TPD curve. Fig. 3 shows how
a typical fitting looks like.
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Fig. 8 Integrated number of counts during irradiation versus irradia-
tion temperature.

We apply the obtained energy distribution, like in Fig. 4, to
simulate the adsorption (irradiation) trace and generate the
number of reflected deuterium molecules as a function of time
at a given exposure temperature, Fig. 2, right panel. We then
integrate it, thus obtaining the total number of reflected mole-
cules during the irradiation stage at that irradiation temperature.
We repeat this procedure for all the exposure temperatures.

A procedure as described above is applied to the signal. We
then plot the integrated signals obtained at different temperatures
vs. the irradiation temperature. The same is done for the
simulated traces. The two curves (integration of signal vs.
irradiation temperature and integration of simulated signal vs.
irradiation temperature) are compared and brought together
by finding an appropriate formula of temperature correction.
Here a linear formula is adopted which reflects that the
temperature gradient is a linear function of temperature.
Fig. 8 shows one of the fittings.

We apply the temperature correction formula to modify all
the measured temperatures in the TPD experiments including
the irradiation phase. We then repeat until convergence is
obtained. As it happens, the convergence is rapid.

The corrections yield results that are in agreement with
previous results using a polycrystalline olivine!” (Note that
Fig. 6 of ref. 21 has an incorrect temperature scale). The figures
presented above have all the corrected temperature values.
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