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Abstract
A new low-temperature target manipulator (TS � 7 K) has made it possible
to extend diffractive and inelastic time-of-flight He atom scattering to the
investigation of the structures and external vibrations of the monolayers
H2/NaCl, H2/MgO and H2/LiF. On NaCl, H2 forms a (1 × 1) monolayer,
whereas in the other systems a series of ordered increasingly compressed
structures develops with increasing coverage. On MgO these structures are
assigned to c(2 × 2), c(4 × 2) and c(6 × 2) phases. On LiF the most stable
structure is, in analogy to H2/MgO, proposed to be close to c(8 × 2) with
a 5% misfit with respect to the LiF substrate. For p-H2/NaCl, single and
overtone vibrational excitations are observed up to the second overtone as well
as combinations of a parallel nearly dispersionless mode, at 7.0 meV, and a new
dispersive branch with 8.5 meV at the zone boundary. On MgO and LiF three
collective vibrations are found. On MgO two non-dispersive perpendicularly
polarized modes at 8.5 and 10.5 meV and a dispersive parallel mode at a lower
energy are identified. On LiF only one non-dispersive mode at 10.5 meV and
two dispersive unassigned modes at lower energies are found. The results for all
three systems are compared, and they lead to some general conclusions about
dynamical processes on cryogenic films of H2 on ionic crystals.

1. Introduction

As the simplest of all molecules, H2 has long served as a benchmark for acquiring a
fundamental understanding of molecular structures and dynamics. At the same time the alkali-
halide crystal surfaces, because of their ease of preparation by simple cleavage and inherent
inertness, have from the beginning of surface physics provided valuable testing grounds. Thus
already in the early 1930s, Stern and co-workers were able to carry out their pioneering
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Table 1. Lowest rotational transition energies, intermolecular distances, d, in the bulk and
bulk triple point temperatures and pressures for the different H2 isotopomers and nuclear spin
modifications.

p-H2 o-H2 HD o-D2 p-D2

� j 0 → 2 1 → 3 0 → 1 0 → 2 1 → 3
�E (meV) [15] 43.93 72.77 11.06 22.20 36.89
d(H2–H2) (Å) [16] 3.78 ∼3.75 3.70 3.61 3.60
Ttp (K) 13.81a — 16.60 [15] 18.69a —
ptp (mbar) 70.22a — 123.7 [15] 170.9a —

a Data tables from Leybold Vacuum GmbH, Bonner Str. 498, 50968 Köln, Germany.

experiments on the scattering of molecular beams of H2 from LiF, NaCl and NaF single-crystal
surfaces [1, 2], and these systems are still the subject of current research [3].

A more direct way to study the interaction of H2 with alkali-halide surfaces is to investigate
hydrogen films. Such investigations based on modern surface diagnostic techniques have been
hampered by the low temperatures of below 15 K needed to create well-defined films and the
inherent insulating nature of adsorbates and substrates. Thus many of the standard surface-
science techniques which involve charged particles, such as LEED, EELS and photoelectron
spectroscopy (XPS), and also STM, are not easily applied. For this reason most of our
knowledge of H2 films stems from NMR, neutron diffraction and inelastic neutron scattering [4]
or infrared spectroscopy [5–7]. The neutron experiments have been limited to a number of
substrates such as graphite, boron nitride and MgO, which can be prepared to provide the
required large surface areas. Infrared spectroscopy is the only technique which in the past
has been successfully applied to H2 films on alkali halides. The weak dipole moment induced
by the substrate surface [5–7] makes it possible to observe the vibrations of the adsorbed H2

molecules.
As an adsorbate, hydrogen has the advantage of having several isotopomers, H2, HD and

D2, which differ significantly in their masses. In addition, both H2 and D2 have para and ortho
nuclear spin modifications. Normal H2 (n-H2) consists of 75% odd- j ortho-molecules and only
25 % even- j para-molecules. At the low temperatures of interest, pure para-H2 (p-H2) and
ortho-D2 (o-D2) molecules, which can easily be prepared by conversion on a paramagnetic
catalyst surface, are both in the j = 0 state. To a good approximation, the j = 0 molecules
behave as if they were spherically symmetric, whereas the j = 1 molecules can be either in the
m = 0 or in the m = ±1 state, which are commonly referred to as ‘cartwheel’ and ‘helicopter’
orientations, respectively. Thus orientational effects can be isolated by comparing the results
for the two nuclear spin modifications. Table 1 lists the lowest rotational transition energies (the
vibrational energies are much too high and cannot be excited), the intermolecular distances, d ,
in the bulk as well as the bulk triple point temperatures and pressures for the different H2

isotopomers and nuclear spin modifications.
Finally, another rather intriguing reason to study low-temperature H2 films is the possibility

that by virtue of their low masses they may exhibit unusual quantum phenomena such as an
extremely large delocalization making them liquid [8] or even possibly superfluid [9].

The present short review summarizes recent studies of H2 films on MgO, NaCl and LiF
made possible by modifying the target manipulator of a helium atom time-of-flight (TOF)
scattering apparatus to achieve substrate temperatures down to about 7 K [10, 11]. The results
for monolayer and bilayer films of n-H2, p-H2, HD and n-D2 on MgO(001) as well as monolayer
films on NaCl(001) were reported previously in [12] and [13], respectively. For both surfaces
the structures and external (molecule–surface) vibrational frequencies and dispersion curves
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Table 2. Some important properties of the substrates, such as the cation–cation distances, d, in the
(001) surface unit cell, the simple cosine corrugation amplitudes for He scattering resulting from
an analysis of scattered intensity within the eikonal approximation, ξ , and the physisorption well
depth, D, for H2 and the adsorption energies, Eads for H2; hel. cat. denotes H2 in helicopter state
adsorbed above a cation; lat. av. stands for laterally averaged potential.

NaCl MgO LiF

d (Å) 3.99 [17] 2.98 [18] 2.84 [19]
ξ (Å) 0.34 [20] 0.15 [21] ∼0.3 [22]
D (meV) (theory) 55 (hel. cat.) [23] 48 (lat. av.) [24] 31 (hel. cat.) [25]
Eads single H2 (meV) (theory) 35.2 (hel. cat., theory) — 17.3 [24] (lat. av. theory)

28.2 (para cat.) [23] (lat. av., exp.)
Eads layer (meV) (theory) 42.5 (hel. cat., theory) — —

34.2 (para) [23]
Eads layer (meV) (exp.) 38 ± 10 (ortho) 28.8 [24] —

31 ± 10 (para) [5]
Eads layer (meV) (this work) 40 ± 5 (ortho) 22 ± 3 [12] —

37 ± 5 (para) [13]

could be measured via diffraction and time-of-flight inelastic scattering during the growth of
the films up to completion of a saturated layer. Recently these experiments were extended to
n-H2, p-H2 and HD films on LiF(001) [14]. Table 2 list some important properties of the three
substrates.

2. Collision-induced desorption

In all the previous helium atom scattering (HAS) studies there has been no evidence that the
impinging helium atoms had any deleterious effect on the surface as opposed to most other
surface probes [26]. This non-destructive feature has in the past always been advertised as
one of the unique advantages of HAS. In the course of the present experiments, however, a
collision-induced desorption of the H2 layers by the incident atom beam was observed [14].
The first evidence came from an unexpected behavior of the specular He atom scattering signal
during adsorption, a standard method for monitoring film growth. Upon admitting H2 gas to the
target chamber the specular intensity dropped significantly as a result of increased scattering
from the isolated adsorbates on the surface and the softness of the nascent H2 layers. At an
incident beam energy of 11 meV this fall-off amounted to more than 95%, which for these
scattering conditions was the difference between the reflectivities of the monolayer and the
clean surface. Increasing to 40 meV beam energy and beyond, the fall-off decreased and, for
example, at 66 meV it became only about 5%. These and other observations were found to
be consistent with a collision-induced removal of some of the adsorbed molecules. Thus, in
order to maintain an intact layer in the present experiments, He collision energies of less than
40 meV were used. Still, even at these low beam energies, it was necessary to maintain the H2

pressure at a fixed level to compensate for thermally induced desorption.

3. Experiment

The He beam is produced by expanding 99.9999% pure He gas through a 10 μm nozzle from
stagnation pressures which can be adjusted between 10 and 180 bar. By varying the nozzle
temperature from 50 to 180 K, nearly monoenergetic (�E

E � 2%) beams with energies between

10 meV (ki = 4.4 Å
−1

) up to the desorption limiting energy of 40 meV (ki = 8.8 Å
−1

) are
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obtained [11]. A home-made magnetic mass spectrometer, operating in the ion-counting mode,
is used to detect the scattered He atoms.

In a fixed-angle geometry (θi + θf = 90.1◦), diffraction patterns (angular distributions) are
measured by rotating the crystal around an axis normal to the plane of the incident and scattered
beams. Hence the incident angle θi and the final angle θf are varied simultaneously. Time-of-
flight measurements of the He beam chopped into short pulses allow the detection of energy
transfers to and from the atom probe due to the annihilation and creation of surface phonons
and/or adsorbate vibrations.

The low-temperature sample holder and cryostat are described in detail in previous
publications [13, 12]. The MgO and LiF surfaces were prepared by cleavage in vacuum. For
technical reasons, the NaCl surface was cleaved in air and then transferred to the apparatus
within a few minutes. The quality of the surfaces was checked by comparison with previous He
scattering experiments with the same apparatus. The crystal temperature was measured with an
accuracy of about ±1 K with a silicon diode mounted on the sample holder2,3. In experiments
with the same material the actual temperatures for different sample mountings were calibrated
relative to each other by comparing the pressures necessary to maintain an H2 layer on the
surface. In the case of LiF, the loosening of the thermal contacts after several cooling cycles
gave an additional absolute uncertainty of ±2 K. Normal-H2 with a purity of 99.999% from
Messer Griesheim4 was backfilled via a carefully baked gas line through a leak valve into the
chamber. The p-H2 was prepared by conversion of normal-H2 on an iron oxide and chromium
oxide catalyst at ≈20 K in a refrigerator-cooled cryostat. For the experiments on NaCl it was
catalytically converted in a dewar of liquid H2. The p-H2 content obtained with these methods
was previously determined to be considerably greater than 95% [29, 30]. More experimental
details can be found in [27, 28].

4. Results and discussion

4.1. Adsorbate sites

Semi-empirical potential calculations [23, 25, 31–33] and infrared spectroscopy of the internal
H2 vibrational frequencies [5–7] provide some insight into the local adsorption sites, not
available from the diffraction experiments. For NaCl and LiF it was found that the j = 0
and the j = 1, m j = ±1 ‘helicopter’ states of the o-H2 molecules are more strongly bound
on cation sites, whereas the j = 1, m j = 0 ‘cartwheel’ states prefer the anion sites [25, 34].
The bonding, however, of the cartwheel states at anion sites under the present conditions with
temperatures of 8–11 K is too weak for them to be present. This species could be detected
in an infrared experiment by Grunwald and Ewing [7] at a lower temperature of 5.2 K. They
interpreted their results in terms of two occupied neighbouring adsorption sites: one above a
surface cation, occupied by molecules in j = 0, and the other above a surface anion, occupied
only by molecules in the j = 1 rotational state with ‘cartwheel’ orientations. The occupation
of these close-lying adsorption sites is sterically possible, as the height above an anion site is
sufficiently greater than that above an cation because of the different ionic radii. Following
arguments by Folman and Kozirovski [35, 36], steric hindrance is also avoided by orienting the
molecules at the anion sites perpendicular to the surface with the molecule 3.48 Å above the
surface, which is much larger than for the parallel-oriented molecules which lie 2.47 Å above
cation sites.

2 Scientific Instruments Inc., West Palm Beach, FL 33407.
3 Lake Shore Cryotronics, Inc., 575 McCorkle Blvd, Westerville, OH 43082-8888, USA.
4 Messer Griesheim GmbH, Fütingsweg 34, 47805 Krefeld, Germany.
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Figure 1. Comparison of the measured angular distributions for n-H2 films of up to a monolayer on
NaCl (a), MgO (b) and LiF (c). The ambient n-H2 pressures are indicated. The beam energies and
surface temperatures were NaCl: Ei = 22.1 meV, TS = 8 K; MgO: Ei = 18.8 meV, TS = 9 K and
LiF: Ei = 15.2 meV and TS = 11 K. The corresponding unit cells of the observed structures are
shown in (d)–(f) below the angular distributions. The shaded circles represent the area occupied by
an H2 molecule in bulk hydrogen.

4.2. Structures

For clarity, the present discussion will be restricted to H2 layers, and only data along one crystal
direction will be presented. Figure 1 compares the angular distributions along the [110] crystal
direction for n-H2 adsorbates on the three surfaces. In all cases a slight asymmetry in the
intensities of the (+1, 0) and (−1, 0) Bragg peaks is visible, which is due to an unavoidable
misalignment of the crystal, since the azimuthal angle could not be changed in situ in the low-
temperature sample holder [13, 12]. The layers were stabilized by maintaining a constant gas
pressure of between about 1 × 10−7 and 1.5 × 10−5 mbar in the target chamber.

On NaCl H2 forms a highly corrugated (1 × 1) structure with the same periodicity as the
substrate. Evidence that indeed an ordered overlayer is formed derives from differences in the
relative peak intensities of the specular and first-order diffraction peaks, which are significantly
different in comparison with the clean surface. The diffraction intensities remain constant over
a wide pressure range following the onset of adsorption up to a maximum pressure of about
10−5 mbar, indicating that the monolayer was sufficiently inert to prevent growth of a second
layer. The monolayer structure is consistent with semi-empirical potential energy calculations
by Briquez et al [23]. Only at lower temperatures is a denser structure found, as mentioned
above [7].
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On NaCl the cation–cation distance, d , is larger than the molecule–molecule distance in
bulk H2, (table 1), but on MgO and LiF d is smaller by 25 and 30%, respectively (table 2). Thus
on the latter two surfaces the simplest low-symmetry structure in which the favourable cation
adsorption sites are occupied corresponds to a c(2 × 2) arrangement with molecule–molecule
distances of 4.02 and 4.21 Å, respectively. A c(2 × 2) structure was seen only on MgO and
then only as a transient at low inlet pressures. At higher H2 gas pressures no peaks were found
along the [100] direction, but ±1/2-order and ±1/3-order peaks were observed along the [110]
direction, respectively; see figure 1(b). These are assigned to the same c(4 × 2) and c(6 × 2)

phases seen previously by neutron scattering [37]. A model for a c(4 × 2) phase is given in
figure 1(e). This structure and similar c(n × 2) structures with larger unit cells result from a
unidirectional compression of rows of hydrogen molecules along the substrate cation rows with
the density of the molecules increasing with n. On the NaCl and MgO surfaces the adsorbate
structures for the isotopomers H2, HD and D2 were found to be the same.

On LiF a transient structure was also seen, but it could not be identified since it was
not stable enough for a diffraction analysis. Then, at slightly larger but still low coverage
an adsorbate phase develops with a weak additional diffraction peak at a parallel momentum
transfer of about �K = ±0.3 Å

−1
, which corresponds to about 1/7 G±1,0. Assuming a

primitive lattice this indicates a periodicity of about 7 LiF unit cells. Then with further
increasing H2 pressure this peak increases in intensity and shifts outwards to ±0.58 Å

−1
, which

is close to the 1/4 G±1,0 position. In analogy to the H2/MgO system a centred structure close

to c(8 × 2) symmetry is proposed. Since the exact 1/4 G±1,0 position would be ±0.55 Å
−1

,
there is a 5% mismatch compared to the exact c(8 × 2) structure. An alternative explanation
attributes the diffraction peak to a misfit wavevector between an average space H2 lattice and the
substrate. If a H2 molecule density of 5 H2 molecules over 8 Li+ is assumed, this interpretation
leads to the same c(8 × 2) unit cell as proposed above [38, 14].

Finally, it is interesting to notice that on MgO the superstructure diffraction peaks shift
as expected for the transformation of small adsorbate unit cells into larger cells, similar to
Oswald ripening. In the case of H2/LiF, the shift would seem to suggest an opposite trend, even
though the coverage increases towards the c(8 × 2) phase as concluded from the applied H2

gas pressures. A possible explanation would be the formation of a primitive structure first, in
which all peaks are visible, followed by a centred structure at larger coverages, in which every
second peak vanishes due to the centred symmetry. However, this explanation does not account
for a continuous peak shift.

4.3. Adsorbate vibrations

Figure 2 compares some selected TOF spectra, which show most clearly the features
characteristic for each particular system. They were recorded at somewhat different incident
angles and slightly different incident energies. For this reason they are normalized to the diffuse
elastic peak, which, of course, depends on the defect density, information which is lost by this
procedure. Since the adsorbate vibrational frequencies depend on the mass as expected for a
harmonic oscillator, only the results for H2 are discussed here.

Figure 3 summarizes the dispersion curves in irreducible zone schemes for the three
systems. The largest inelastic signal is observed in the case of H2/NaCl, which also shows
as many as nine inelastic peaks, more than for the other surfaces. The sharpness of some of
the peaks and the relatively low diffuse elastic peak intensities and sharp diffraction peaks all
confirm the excellent ordering of the H2 layer. Largely based on the calculations of Briquez [23]
and other observations [13], all the distinct peaks are assigned to the fundamental frequency
and all overtones up to the second of the frustrated translational vibrations (T-mode). The
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Figure 2. Comparison between TOF spectra of monolayers of n-H2 on (a) NaCl, (b) MgO, and (c)
LiF measured along the [110] crystal direction. The experimental conditions were (a) θi = 44.5◦,
Ei = 26.5 meV, TS = 8 K, P(n-H2) = 9 × 10−8 mbar; (b) θi = 41.0◦, Ei = 28.8 meV,
TS = 9 K, P(n-H2) = 3.3 × 10−7 mbar and (c) θi = 30.0◦, Ei = 26.6 and 26.8 meV, TS = 11 K,
P(n-H2) = 1.7 × 10−6 mbar (upper spectrum) and P(n-H2) = 6.5 × 10−6 mbar (lower spectrum).

0.7–1.0 meV differences in the spectra measured with n-H2 and p-H2 indicate that the p-H2

T-mode frequencies are about 10% smaller than for o-H2. In the case of HD, one mode at
�E = 7.6 meV could possibly be due to excitation of 2D rotations of the adsorbed molecule.
This is the only case in which an internal degree of freedom may have been involved.

In the monolayer n-H2/MgO, the diffuse elastic peak is much larger and the single-phonon
peaks are superimposed on a relatively intense inelastic background. The TOF spectra reveal
altogether only three modes, two Einstein modes at 9 and 11 meV which do not depend on the
wavevector Q, and a dispersive mode at lower frequencies with a maximum frequency of about
7 meV. The Einstein modes are assigned to collective modes with vertical polarization and the
dispersive mode is thought to be due to a T-mode directed along the short axis of the c(4 × 2)

unit cell. In view of the inherently broad inelastic peaks the differences between the ortho
and para frequencies are largely smeared out. From measurements along [100] the frequencies
for p-H2 are estimated to be smaller than for o-H2 by about 0.9 meV. The width of the peak
indicated that also in this case—and also for HD—two modes are present.

MgO was the only surface for which a second layer with a (1 × 1) structure could be
formed at higher dosages. With two layers only a non-dispersive mode was observed at 5 meV.
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Figure 3. Dispersion curves of the external vibrations of a monolayer of p-H2/NaCl(001) (a), n-
H2/MgO (b) and p-H2/LiF (c) along the [110] crystal direction. The H2 gas pressures were 1×10−7,
3.3 × 10−7 and 2 × 10−6 mbar, and the crystal temperatures 8, 9 and 11 K, respectively. The dotted
lines are guides to the eye.

For the c(8×2) layer of p-H2 on LiF three modes are clearly seen. A dispersionless mode at
10.5 meV is assigned to a perpendicularly polarized S-mode similar to the two modes at about
10 meV found on MgO. In addition, two weakly dispersive modes are found with maximum
energies of 7 and 9 meV at the zone boundary. At least one of these appears to be due to a T-
mode polarized parallel to the surface. The n-H2/LiF spectra are less structured and broadened
compared to p-H2. A non-dispersive mode at about 10 meV similar to the one with p-H2 could
be clearly identified. Only one additional dispersive mode which, however, could be followed
up to the zone boundary, where it had an energy of 10 meV, was seen. To what extent these
differences are due to the o-H2 component is not understood. The assignment is complicated
by the possibility that the relative ortho to para concentrations may be much different on the
surface than in the equilibrium gas. For example, on NaCl p-H2 was found to be significantly
enriched [6, 13].

It is also interesting to compare a good-quality and a poor-quality spectrum of H2/LiF with
the spectrum of the adsorbate on MgO. The poor-quality spectrum of H2/LiF was obtained
from an adsorbate which had a considerable amount of impurities. Although the crystal was
heated and the H2 monolayer was readsorbed after each one or two TOF spectra, at the end
of long experiments contaminations, e.g. CO, had accumulated in the chamber. During the
TOF measurements these more strongly bound molecules were partially displacing the H2

and could later be detected by a second desorption step in thermal desorption curves. Under
these conditions the TOF spectra were of poorer quality, as indicated by large intensities of the
diffuse elastic peak relative to the inelastic peaks; compare the TOF spectra in figure 2(c). In
further experiments it was proven that different H2 pressures did not account for the changes.
This sensitivity of the TOF signal to contaminations acting as defects together with the strong
similarity of the spectrum to that for H2/MgO would seem to suggest that the MgO surface was
also contaminated. This would be in variance with an interpretation which explains the broader
lower-intensity signals on MgO as a result of lower corrugation and a lower contribution of
lateral forces acting on the adsorbed H2 molecule. However, a significant contamination could
be ruled out by the absence of the expected features in thermal desorption spectroscopy (TDS)
desorption curves. Still it is a possibility that defects were inherent to the H2 films or induced
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Table 3. Comparison of the major results from the three systems.

H2/NaCl H2/MgO H2/LiF

Structures p(1 × 1) c(2 × 2) → Transition phase
commensurate c(4 × 2) → → incommensurate

c(6 × 2) ∼ c(8 × 2)

Corrugation of Greater than Same as ?
the overlayer substrate for substrate

Vibrations Non-dispersive T-modes c(4 × 2) and similarly c(6 × 2) Non-dispersive S-mode
h̄ω = 7.0 meV (0 → 1) non-dispersive S-modes h̄ω = 10.5 meV
= 11.8 meV (0 → 2) h̄ω = 8.5 meV (0 → 1)

= 17.2 meV (0 → 3) = 10.5 meV (0 → 1) Two dispersive modes
dispersive T-mode h̄ω � 7 meV
h̄ω � 6 meV h̄ω � 9 meV

Multiphonons Only overtones Intensive diffuse background Small diffuse background

Comments — Second layer seen —

by the defects of the MgO substrate. This is also in accord with the rather broad half-order
diffraction peaks in the angular distribution; see figure 1(b).

5. Summary

These experiments represent the first extensive studies of the structures and vibrations of
H2 monolayers on NaCl, LiF and MgO. Table 3 provides an overview of the results of our
experiments. While for H2/NaCl a robust (1 × 1) structure is found, in H2/MgO and H2/LiF
the cation site–site spacings are too small for a hypothetical (1 × 1) structure and too large for
a simple c(2 × 2) arrangement. In order to accommodate the H2–H2 attractions, increasingly
dense centred structures are observed, which are proposed to originate from compression of a
c(2 × 2) structure. Most stable are the c(4 × 2) and c(6 × 2) structures for the MgO substrate
and c(8 × 2) for the LiF substrate. Thus these latter more complicated structures result from
a competition between the H2–cation attraction and the H2–H2 repulsion. A more detailed
structure for H2/LiF will be proposed in a forthcoming article [14]. And indeed there is some
evidence from molecular dynamics calculations [32, 33] that the structures on MgO and LiF
may not be as simple as in the models of figure 1.

The cation lattice spacing also has a dominant effect on the adsorbate lattice vibrations.
Thus, the predominance of dispersionless T-mode excitations on NaCl is also easily explained
in terms of the large spacing of the H2 molecules, which allows the molecules to vibrate
parallel to the surface without disturbing each other. The lack of strong evidence for a vertical
polarized S-mode on NaCl probably can be explained by its energy being too high to be excited.
In semi-empirical potential calculations its frequency is estimated to be about 18.1 meV;
thus the occasionally observed small peaks at around 19 meV might be assigned to S-mode
excitations [13].

The more complicated dispersion curves found for the MgO and LiF surfaces, some with
significant dispersion, result from the strong coupling between the H2 molecules, and a full
understanding will require a careful detailed molecular dynamics analysis. For example, for
CO2/NaCl [39] altogether 20 distinct modes were predicted of which the dispersion curves of
eight with maximum energies below 9.5 meV could be detected [40]. A similar analysis for
the systems studied here will be more challenging because of the necessity to include quantum
effects.

9
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The results obtained so far would seem to suggest that these substrates are not prime
candidates for achieving superfluid layers [8, 9]. Of course much lower temperatures of the
order of less than 2.4 K would be required to test for a superfluid transition [13]. At the
much higher temperatures of the present study, however, these systems appear to behave as
if they were classical systems. On NaCl the high vibrational frequencies and several overtones
combined with the sharp diffraction peaks suggest that the molecules are tightly bound at
cation sites. The large multiphonon background and broad diffraction peaks, which—we feel
most likely—are due to either disorder of the substrate or of the adlayers, might, of course,
alternatively be a result of quantum delocalization. On LiF, on the other hand, the substrate is
considered to be especially ideal so that defects are less likely, giving more room for quantum
delocalization as a possible explanation for the broad inelastic intensity and large diffuse elastic
peak.
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