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Trapping of molecular hydrogen at surfaces via translational-rotational energy conversion
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Using electron-energy-loss spectroscopy (EELS) intensities of rotational transitions and
work-function changes as monitors, we show that molecular hydrogen gases, thermal
ortho-para H, mixture, para-H,, D,, and HD, adsorbing on a cold Cu(100) surface have dif-
ferent sticking coefficients. The relative sticking coefficients and the relative populations of
ortho- and para-H, on the surface, as estimated by EELS, can be understood on the basis of
a trapping mechanism involving conversion of center-of-mass kinetic energy into rotational

energy.

I. INTRODUCTION

When a particle from the gas phase adsorbs at a
cold surface its initial kinetic energy ¢; as well as the
adsorption energy €, must be dissipated. Dissipa-
tion does not generally occur via a single event, and
it is usual to focus on the “trapping” of the particle
in a high-lying, but bound level of the adsorption
potential well. It is assumed that provided the sur-
face is cold enough, the majority of the trapped par-
ticles will not revert to the gas phase but will stick
permanently. If the surface is only weakly corrugat-
ed, as in the case we consider presently, most col-
lisions will conserve parallel momentum so the trap-
ping step requires dissipation not of energy ¢;, but of
the normal component €/=e¢;cos’6;, where 6; is the
angle of incidence. Most theoretical discussions of
the sticking problem amount to calculations of the
probability that phonons or electron-hole pairs carry
away energy €7 during the first “round trip” of the
particle in the well.!

In this paper we report measurements of the stick-
ing coefficient of H, molecules on a cold Cu(100)
surface that are not easily reconciled with this point
of view. Specifically, we show that H, gases which
differ only in their rotational populations have dif-
ferent sticking coefficients. This implies that mole-
cules having the same incident energy and angle but
which are in different rotational states have dif-
ferent sticking probabilities. To explain this obser-
vation in terms of direct excitation of phonons or
electron-hole pairs would require that the excitation
probability depends strongly on the rotational state
of the molecule. This is possible, but seems unlike-
ly. As an alternative, we propose a mechanism in-
volving simultaneous excitation of the solid and ro-
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tational excitation of the molecule. The normal
kinetic energy €7 is converted primarily into a rota-
tional excitation of the molecule, with only a small
part carried away as phonons or electron-hole pairs:
We will show that the relative sticking coefficients
for H, gases with different rotational populations, as
well as those of H, and D, gases, can be explained
simply as a consequence of this mechanism.

II. EELS AND WORK FUNCTION
MEASUREMENTS

In a recent letter? we reported electron-energy-loss
spectroscopy (EELS) measurements which establish-
ed that (i) H, physisorbs on a cold ( ~ 10-K) Cu(100)
surface and (ii) physisorbed H, displays well-defined
rotational and rotational-vibrational excitations at
energies virtually identical to the gas-phase values.
This indicates that the potential energy of molecules
in low-lying levels of the physisorption well is prac-
tically independent of the orientation and internu-
clear separation of the molecule, i.e., that the cou-
pling between center-of-mass and relative motion is
weak. A recent calculation of the potential energy
in the region at and near the well minimum gave the
same result. The weakness of the coupling is due in
part to a cancellation between the van der Waals at-
traction, which favors an orientation of the molecule
normal to the surface, and the repulsive branch,
which favors a parallel orientation.

EELS spectra obtained following adsorption to
saturation of two H, gas, n-H,, and p-H,, differing
only in their distributions of rotational levels, are
shown in Fig. 1. Experimental conditions and de-
tails concerning the cleaning of the Cu(100) surface
and on sample cooling were given previously.> Both
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FIG. 1. Electron-energy-loss spectra from saturated
monolayers of n-H, and p-H, adsorbed on Cu(100) at 10
K (1 L =1X107° Torrsec). The spectra were measured
in specular direction for an angle of incidence 50° and en-
ergy 2 eV of the incident-electron beam.

gases display three features, at 28, 45, and 73 meV,
the first of which is due to trace amounts of
discreetly adsorbed H,0O molecules (8 <0.01).* The
features at 45 and 73 meV are due, respectively, to
the j=0— 2 and j=1-— 3 rotational transitions of
physisorbed H,. The EELS lines are quite sharp, in-
dicative of long-lived excitations and the occurrence
of two transitions shows that there is negligible cou-
pling between even- and odd-j rotational levels.
Both ortho- and para-H, exist on the surface in rota-
tional states j=1,0, respectively, with negligible
conversion on the time scale ~30 min. This reflects
the absence of a mechanism on the surface for flip-
ping a nuclear spin.

Though both n-H, and p-H, give rise to rotational
peaks at the same energies, the relative intensities of
the j=0— 2 and j=1— 3 lines are different in the
two cases, reflecting the differing rotational popula-
tions of the incident gases. n-H, was a thermal mix-
ture (7, =290 K) having relative populations in ro-
tational states j=0,1,2,3 of »n;=0.13,0.67,0.11,
0.08, respectively. The p-H, gas, predominantly
para-hydrogen (even j), was prepared by flowing n-
H, over a nickel-silicate catalyst kept at 25 K. Ra-
man spectral analysis showed an ortho-para ratio of
<0.1, as compared with the thermal value of 3.
However, the ortho-concentration increased some-
what when the gas was leaked into the chamber,
presumably because interaction with the chamber
and ion-pump walls gives rise to exchange with nor-
mal H, and perhaps some back conversion. That p-
H, is predominantly para is clear from the strong

j=0— 2 45-meV peak evident in Fig. 1. The small
concentration of ortho-H, gives rise to a weak, but
well-resolved j =1-— 3 73-meV peak.

In Ref. 2 we pointed out that the relative
strengths of the j=0—2 and j=1— 3 transitions
for n-H, do not follow directly from the ortho-para
ratio of the incident gas. From the spectra, we esti-
mate

Il—>3

=0.80 . (1)
Io_.> |n-H,

To convert this figure into a population ratio for
molecules adsorbed in rotational levels having j=1
and j=0, we must take account of the different
EELS cross sections. In view of the weakness of the
coupling between molecule and surface we expect
the relative cross sections (though not necessarily the
absolute cross sections) to be the same as in the gas
phase, i.e., 0y_, 3/00_,,=0.6.° Combining this with
Eq. (1), we estimate a population ratio for n-H, of

B 1.3 2)
P 2 n-HZ_ T

A similar analysis for the p-H, gas gave the estimate
P,

=0.2. (3)
Py |p-H,

If the sticking probability for H, is independent of
the rotational state, the ratio of populations given in
(2) must be 3.0. Since we saw no reason to distrust
the value quoted above for the relative EELS cross
sections, and in view of the negligible ortho-para
conversion for physisorbed molecules, we concluded
in Ref. 2 that the sticking probability of H, on
Cu(100) is not independent of the gas-phase rota-
tional state. This conclusion we have since con-
firmed, as we now discuss.

Figure 2 shows how the intensities of the 45-meV
j=0—2 and the 73-meV j=1-— 3 EELS lines de-
pend on the n-H, exposure. The intensity increases
linearly and saturates abruptly at about 6.5X 10'
mol/cm? exposure.” The EELS spectra grow in
smoothly during exposure and the ratio of intensites
remains constant within experimental accuracy. As
a second monitor of the adsorption kinetics we show
in Fig. 3 the work function change A¢ during ad-
sorption, measured using the EELS instrument as a
retarding analyzer. For n-H,, A¢ decreases linearly®
and saturates abruptly, mirroring the behavior of the
EELS intensities shown in Fig. 1. The linear depen-
dence of A¢ on exposure is strong evidence that only
one monolayer of H, forms. If the H, were con-
densing in layers, we would expect each layer to
have a different effect on the work function, whose
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FIG. 2. EELS intensities of the 0— 2 (®) and 1— 3
(O) rotational transitions vs exposure for n-H, adsorbed

on Cu(100) at 10 K. Experimental parameters as in Fig.
1.

dependence on exposure would therefore be non-
linear.

Also shown in Fig. 3 are the work-function
changes that accompany exposure to p-H, , and to a
thermal (290-K) D, gas. The behavior is similar to
that of n-H,, but the slopes are greater and satura-
tion sets in earlier. In addition, the saturation value
of A¢ for D, is greater than for H,, reflecting the
somewhat higher saturation density that results
from the reduced zero-point motion of D,. The
enhancement is in rough correspondence with the
surface densities of the bulk solids, 0.89 and
0.97x 10" mol/cm? for H, and D,, respectively.’
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FIG. 3. Decrease in work function (—A¢ ) vs exposure
for n-H, (0), p-H, (@), and D, (X ) adsorbed on Cu(100)
at 10 K (15 K for D,).

Since the chemical compositions of H, and D, are
essentially identical, and since the work-function
change is a feature of the surface-potential well and
so is only very weakly dependent on the rotational
state of the adsorbed molecule, Fig. 3 allows a
direct, accurate determination of the relative stick-
ing coefficients. We find

Sp-H, Sp,

=2.4. (4)

=1.),

Sn -H, Sn -H,

Because the p-H,, and n-H, gases are identical in all
but their rotational populations, the former figure
confirms the dependence of the sticking probability
on the distribution of rotational levels in the in-
cident gas.

III. STICKING VIA TRANSLATIONAL-
ROTATIONAL CONVERSION

As mentioned in the Introduction, it is not easy to
see how conventional sticking mechanisms, involv-
ing loss of normal energy €; to phonons or electron-
hole pairs, can account for a strong dependence of
the H,-Cu(100) sticking coefficient on the rotational
states of the gas-phase molecules. A mechanism in-
volving translational-rotational conversion gives this
dependence very naturally, however, as we now
show. For simplicity, we will assume conservation
of parallel momentum in all trapping events,
though, as mentioned in Sec. IV, this may not corre-
spond to the experimental conditions.

For a Maxwell-Boltzmann gas at temperature T,
with relative rotational populations n;, the fraction
of molecules incident at the surface having normal
kinetic energy in the range € — € +de, and in rota-
tional state j, is

pjle)de=Pnje ~Pede , (5)

where B=1/kgT,. A molecule that excites rota-
tionally from level j to level j’, at the same time
transferring to a bound level of the surface-potential
well with energy —e€,, (<0), must have normal ki-
netic energy

€ =€jj—€m > 6)
where
€y=0"G'+D—ji+11By, ,

with By, =7.35 meV, the rotational constant for H,.

If we make allowance for the absorption of some en-
ergy Ag, by solid excitations and assume that Ae; is
of the order of the interlevel spacings in the well,’
then the molecules that can trap via rotational exci-
tation j— j’ lie in a band of normal kinetic energy
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between €;; —€( and €;;:, where € is the well depth.
The fraction of molecules in the entire gas that lies
within one or other of these bands—i.e., the max-
imum possible trapping coefficient—is then given by

T=3nT), T=E""-n3 e, 0
J J

where ' implies a sum over even (odd) j'>j ac-
cording to whether j is even (odd). In deriving (6)
we have assumed that €;;: > €, for all relevant j and
j' and that bands belonging to different j' do not
overlap. This is valid for H,, but not for D, or HD.
The coefficient 7; gives the maximum coefficient
for a gas composed entirely of molecules in rotation-
al state j. Note that the relative values of the T de-
pend neither on details of the well, nor on the as-
sumption that AE; is of the order of the level spac-
ing, but only on the gas temperature T, and rota-
tional constant B. For T,=290 K, and taking
€90~ 1/B~25 meV, we find

T;=0.30,0.09,0.03  for j=0,1,2. (8)

The fall off of T; with increasing j simply reflects
the increase in the energy of the lowest-lying attain-
able rotational excitation, i.e., €j; +2=(4j+6)BH2

=44,73,103 meV for j=0,1,2. As j increases, the
number of molecules in the gas that have sufficient
normal energy to undergo the process of trapping
via rotational conversion decreases sharply.

In order to use Egs. (6) and (7) to calculate
theoretical values for the sticking coefficient and
population ratios determined experimentally [Egs.
(2)—(4)], we make the following assumptions con-
cerning the sticking. (i) The actual trapping coeffi-
cients are proportional to their maximum values,
with a j-independent proportionality constant. (ii) A
fixed j-independent fraction of trapped molecules ul-
timately stick. These assumptions, which we discuss
below, allow theoretical values for all relative quan-
tities to be calculated directly from the gas-
temperature 7, and the rotational constant By,.

That is, only ratios of the T; enter, so that all details
of the well and assumptions concerning the magni-
tude of the energy Ae, dissipated by solid excitations
cancel out.

Specifically, the population ratio of particles
trapped in rotational states j=1,0 is given by

P,
'E=2Wﬂ/zwﬂ’ ©

J odd J even

where n; are the gas-phase relative rotational popu-
lations. Similarly, the ratio of sticking coefficients
for two H, gases characterized by relative spin pop-
ulations n; ,n; is

s’ ,
§=Emﬂ/2mﬂ- (10)
J j

We note that for H,, all j sums are dominated by the
first one or two terms. This is because of the large
value of the rotational constant By, and means

physically that the H, trapped fraction needs to lose
only.one rotational quantum in order to stick per-
manently. If we apply the theory to D,, we find
that a non-negligible part of the trapped fraction is
in the second rotationally excited state, while for
HD, where the Aj=2 selection rule is relaxed, most
of the “trapped fraction” is in states of rotational
excitation higher than the first. As a second point,
we remark that H, molecules counted as trapped
have only this one possibility of changing their rota-
tional quantum number. That is, the only quasielas-
tic channel that is open besides the trapping channel
is diffraction without change of rotational state.
For D,, a small fraction of the particles could
scatter with gain or loss of a rotational quantum,
while for HD, most of the particles that could trap,
could also scatter into several other quasielastic
channels. For this reason, the assumptions (i) and
(ii) above are more plausible for H, than for D,, and
are not at all plausible for HD.

We postpone further discussions of the details of
the adsorption process and now compare the predic-
tions of (9) and (10) with the experimentally deter-
mined ratios given in Sec. II. Consider first the
population ratio P, /P, for n-H,, whose rotational
distribution is accurately known. Applying (9) we
find a value of 1.4, very close to the experimental es-
timate of 1.3 [see Eq. (2)]. Consider next the ratio
of sticking coefficients Sp-,/Snn, To apply (10)
we need to know the spin populations of the incident
gas p-H,. If this were pure para, we would have
n;=0.53,0.0,0.46 for j=0,1,2 and (10) then gives a
value of 1.7, compared with the experimental value
of 1.5 [see Eq. (4)]. However, as Fig. 1 makes clear
and as was mentioned in Sec. II, the incident p-H,
gas was not pure para, and if we assume an ortho-
para ratio of 0.25, giving spin populations
n;=0.42,0.18,0.36, Eq. (10) reproduces the ob-
served figure for Sp-H,/Sn-H, of 1.5. Taking these

values for the spin populations, we use (9) without
further assumption to determine a theoretical popu-
lation ratio P,/P, for p-H,, obtaining 0.12 in
reasonable agreement with the experimental estimate
of 0.2 [see Eq. (3)]. As a final application we use
(10) to calculate the sticking coefficient ratio
Sn.D,/Sn-n, taking the appropriate n; and T} for n-
D, (ortho-para ratio 2, Bp,=3.71 meV). We find
Sn-p,/Sp-u,=3.1, compared with the accurate mea-

sured value of 2.4 [Eq. (4)]. While this is something
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of an overestimate, a too large value is consistent
with the above discussion concerning the relative
availability of quasielastic channels for D, and H,.
We conclude that the observed population and stick-
ing coefficient ratios are consistent with the rota-
tional excitation mechanism for the sticking.

IV. DISCUSSION AND SUMMARY

The EELS and work-function measurements dur-
ing adsorption of H, from the gas phase on a cold
Cu(100) crystal surface demonstrate conclusively
that the sticking coefficient depends on the relative
rotational populations in the gas. This conclusion is
independent of any theoretical interpretation. The
conventional view of sticking assumes an initial
trapping step involving dissipation of the gas-phase
normal kinetic energy by phonons or electron-hole
pairs. For this to be compatible with the measure-
ments, the coupling to solid excitations would have
to depend strongly on the rotational state of the in-
coming molecule. Though such a dependence can-
not be ruled out, it seems unlikely that it could be
strong enough to reproduce the measured sticking
coefficient ratio. If trapping occurs via simultane-
ous excitation of the solid and rotational excitation
of the molecule, however, the effect observed is easy
to understand because the number of molecules in a
Maxwell-Boltzmann gas that can trap depends on
the relative populations of the rotational levels. As-
suming that the sticking coefficient is proportional
to this number, we have shown that the measured
sticking coefficient ratios for two H, gases and for
H, and D, gases, as well as the relative populations
of ortho- and para-H, physisorbed on the surface,
can be understood semiquantitatively.

Although we believe this is a substantial piece of
evidence in favor of the proposed mechanism, there
are some observations that are not easy to interpret.
First, whereas the theoretical sticking coefficient ra-
tio for thermal mixtures of HD and H, is ~7, the
relative slopes of the work function versus exposure
curves give a value of 2.0. That is, the observed
sticking coefficients for HD and D, are rather simi-
lar. This would seem at first sight to contradict the
rotational-conversion mechanism in that the cou-
pling of center of mass and relative motion is ex-
pected to be far stronger for HD than for H, or D,
because of the asymmetry of the molecule with
respect to its center of mass. In fact, scattering ex-
periments on Pt showed almost complete rotational
conversion of HD molecular beams.'® One explana-
tion for the rather low sticking coefficient of HD
was mentioned in Sec. III. Most of the HD mole-
cules in a thermal distribution that can trap can also
scatter back into the gas phase with change of rota-

tional quantum number. As the beam experiments
show, the cross section for this competitive scatter-
ing is large. For H,, by contrast, such channels are
closed to molecules that can trap. This is because of
the Aj=2 selection rule and the relatively larger
value of the rotational constant.

A second interpretative difficulty concerns the ab-
solute value of the sticking coefficient. Both the
EELS spectra for physisorbed H, (Ref. 2) and the
data for the scattering of a 77-meV H, molecular
beam from a 70-K Cu(100) surface!! imply a weak
coupling of rotational and center-of-mass motion.
This is also consistent with a recent calculation of
the interaction.®> Accordingly, we would expect to
find a rather low cross section for trapping via rota-
tional conversion and hence a low absolute sticking
coefficient. A precise experimental determination of
this quantity from the available kinetic data would
require knowledge either of the electric dipole in-
duced by a physisorbed molecule, or the saturation
density of physisorbed molecules on the surface.
Neither quantity is easily measurable. However, we
might expect the saturation density to be roughly
the same as for solid H,, 77~ 10" mol/cm?. This
value, which is consistent with the absolute intensity
of the EELS lines,” corresponds to S,.y,~0.15. Ac-

cording to the discussion of Sec. III, however, the
maximum possible value of S, -H,» equal to the frac-

tion of gas-phase molecules that have normal energy
within the range that would allow the process to
take place, is 0.1. The experimental estimate there-
fore seems to be consistent with the rotational-
conversion mechanism only if every particle that
can undergo the process does so, implying a very
strong coupling between center of mass and relative
motion, for which there is no direct evidence.

This inconsistency may be due to the assumption
we made concerning conservation of parallel
momentum in trapping events. A consequence of
this assumption is that, for example, j=0 H, parti-
cles with normal energy less than ~20 meV—i.e.,
~60% of all incident particles—cannot trap. Many
of these, however, approach the surface at large
angles of incidence for which scattering events in-
volving collisions with surface imperfections or im-
purity atoms are relatively probable. Such particles
can trap by translational-rotational conversion pro-
vided their fotal incident kinetic energy exceeds
€;—€o. The sticking coefficient is then proportion-
al to the fraction of incident particles having a large
angle of incidence and sufficient total kinetic energy
to excite the lowest available rotational excitation.
Since this fraction is determined primarily by
Boltzmann factors ~exp[ —B(¢€;; —€()], the relative
sticking coefficients for gases with differing rota-
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tional populations would be very similar to the ideal
surface values used in the comparison with experi-
ment. On this basis one can reconcile the large
value of the absolute sticking coefficient with the
observed dependence on rotational populations.

In summary, by monitoring EELS intensities of
rotational transitions and the change in work func-
tion as an H, gas physisorbs on a cold Cu(100) sur-
face, we have demonstrated that the sticking coeffi-
cient depends on the populations of rotational levels
in the gas. The observed variation of the sticking
coefficient is compatible with a sticking process
whereby most of the molecules’ center-of-mass
kinetic energy is converted on impact into rotational
energy. Only a small fraction of this energy needs
to be dissipated by phonon processes during the col-

lision. The H,-Cu(100) system is very favorable for
investigation because of the large spin energies in-
volved, the absence of coupling between ortho- and
para-species, and the free-molecular nature of the
rotation spectrum. It is likely, however, that
translational-rotational conversion plays an impor-
tant role in the sticking of most molecules on most
surfaces.
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