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Adsorption isotherm measurements have shown deviations from classical the-
ories in the past, leading to the inclusion of more complex effects into
adsorption theory. We demonstrate here that in the case of hydrogen adsorp-
tion above the triple point measured by surface plasmon spectroscopy the
main deviation is related to the measurement method itself. Modelling of the
experimental data shows good agreement with the classical theoretical expec-
tations, without the need of additional contributions.
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1. INTRODUCTION

The wetting of solid substrates in a gaseous environment is an omni-
present phenomenon. Gas molecules are attracted to the substrate by
molecular forces and cover the surface with a thin film whose thickness is
determined by the saturation of the gas. The theories by Frenkel, Halsey,
and Hill (FHH)1−5 as well as by Dzyaloshinskii et al. (DLP)6,7 are based
solely on the van der Waals force, being the most important attractive
force involved. These have been accepted to describe adsorption isotherms
accurately for a long time.

In recent years there have been attempts to account for possible con-
tributions to the adsorption mechanism in order to explain experimen-
tally observed deviations from the ideal FHH/DLP-behavior. These may
for example be related to the surface roughness of the substrate8 and
thermal fluctuations.9,10 On the other hand, we have recently presented11

experimental data using surface plasmon spectroscopy as a probe exhibit-
ing a temperature dependence which cannot be understood by application
of these theories. As we show below, however, the observed discrepancy
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Fig. 1. Schematic of surface plasmon spectroscopy measurement. (a) Kretschmann–Raether
geometry and evanescent field extending into the dielectric. (b) Layer structure as used in
the experiments and for the calculations, consisting of BK7-glass prism, 47 nm gold substrate,
hydrogen film and hydrogen vapor.

is mainly due to the measurement method, and can be resolved, when
the contribution of gas atoms to the surface plasmon signal is taken into
account.

2. MEASUREMENT METHOD

Our experiments are carried out using surface plasmon (SP) spectros-
copy for measuring the adsorbed hydrogen film thickness on a gold sub-
strate. SP spectroscopy is a well established method for the analysis of
metal surfaces;12 it has been used as a sensitive technique in hydrogen wet-
ting investigations for a long time.10,11,13−17 The method is based on the
sensitivity of the SP resonance in a metallic film onto the dielectric prop-
erties in the space above it.18

We have used a geometry as presented in Fig. 1a to resonantly excite
SPs by attenuated total reflection. The incident angle, θi, under which the
SPs are excited (θi = θr) is observed as a minimum of the reflected light
intensity. As the electromagnetic field of the SPs decays exponentially into
the space above the metal film,18 the resonance is sensitive to a cover-
age of the surface by a dielectric material within the decay length of some
100 nm.15 The observed change of the resonance angle, θr, is recorded as
a measure for the coverage.

In most cases of coating materials the gas density above the sur-
face is small enough to be neglected and it is possible to derive a linear
relation between resonance angle shift and small coating thicknesses.19

This has also been assumed to be the case in hydrogen adsorption
experiments in the past.10,11,13−17 To verify this assumption we have
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Fig. 2. Calculated surface plasmon resonance shifts (using the FHH/DLP-theory) for hydro-
gen adsorption isotherms without and with consideration of the vapor above the film at two
different temperatures. (a) T = 14 K, (b) T = 20 K. The increased vapor density at the higher
temperature leads to a strong increase of the resonance shift beyond the contribution by
the growing liquid film. The calculations are for the geometry presented in Fig. 1 using a

Hamaker constant �C3 =6000 K Å
3
.

now performed calculations including the hydrogen vapor, modelling the
system as shown in Fig. 1b. The dielectric constant of liquid hydrogen
has been interpolated from literature values.20 The dielectric constants of
the vapor and non-saturated gas have been calculated according to the
Clausius–Mosotti law, based on density values taken from the literature.21

For the adsorbed film thickness we have assumed an ideal FHH/DLP-
behavior, i.e. d = −�C3/(kBT ln p/p0). Attraction of the hydrogen mole-
cules by the glass substrate may be neglected due to the large separation
by the gold film and the adsorbed films considered here are thin enough to
stay in the non-retarded regime.22 Figure 2 presents the results for temper-
atures of 14 and 20 K and reveals a well noticeable additional resonance
shift due to the vapor. While this contribution is on the order of 20% at
14 K, just above the triple point (Tt = 13.8 K), it grows with temperature
and eventually completely overshadows the signal due to the liquid film
(see Fig. 2b, T =20 K).

3. EXPERIMENTS

In order to compare the above calculations with experiments a new
series of adsorption isotherms has been taken. To minimize dependen-
cies on substrate properties the experiments have been carried out using
a freshly prepared substrate, a thermally evaporated 47 nm thick gold film
on a BK7-glass prism. The isotherms have been taken as in earlier experi-
ments11 using a continuous flow of hydrogen, low enough to ensure quasi-
equilibrium conditions. The temperature range covered is 14–20 K in steps
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Fig. 3. Measured adsorption data in the temperature range from 14 to 20 K. The systematic
increase of the plasmon resonance shift with temperature is well pronounced. For readability
the full dataset is shown for 18 K only. For the other temperatures selected values of p/p0

are shown, connected by lines as a guide to the eye. The relative measurement uncertainty is
about the size of the symbols (corresponding to ≈1 Å liquid hydrogen film).

of 1K. As Fig. 3 shows, the systematic increase of the SP resonance
shift is well observable. In addition to these measurements also desorption
isotherms have been taken, which were found to overlay very well with
the adsorption data, indicating that thermodynamic equilibrium conditions
were fulfilled.

In Fig. 4 we present a direct comparison of the experimental and
calculated data. In addition to the relative uncertainty of the measure-
ment, which corresponds to ≈ 1 Å of liquid hydrogen film, a background
uncertainty of ≈ 3 Å has to be considered, accounting for possible cover-
age of the substrate surface at the beginning of the measurement. Within
this range the data points have been shifted to match the calculations at
p/p0 =0.3. The experimental data then agree nicely over the whole range
with the calculations for a Hamaker constant of �C3 = 6000 K Å3, the
value of best fit at 14 K. Only at the higher temperatures there might be
a slight systematic deviation of the data towards higher resonance shifts,
which in terms of the liquid film thickness corresponds to an increase of
≤2 Å.
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Fig. 4. Comparison of the data from Fig. 3 (symbols) to calculations (lines) at three temper-

atures. As in Fig. 2 a Hamaker constant of �C3 = 6000 K Å
3

is used. For readability only a
few points of the measured data are shown. The relative measurement uncertainty is about
the size of the symbols.
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Fig. 5. Comparison of older data11 (symbols) to the new calculations (lines). For readability
only a few points of the measured data are shown. The relative measurement uncertainty is
about the size of the symbols.

Applying the same procedure to our previously published data11

results in the same good agreement, see Fig. 5.
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4. CONCLUSIONS

The comparisons in Figs. 4 and 5 show that the discrepancy between
the classical FHH/DLP-theory and experimental data, as reported,11 can
be removed to a large extent by taking the contribution of the vapor to
the SP signal into account. The size of the effect due to the vapor is den-
sity and thus temperature dependent and can even be larger than the reso-
nance shift by the liquid film alone. The good agreement displayed in Figs.
4 and 5 leaves room only for minor contributions by, e.g., thermal fluc-
tuations and substrate roughness to the film thickness of the adsorbate.
Especially regarding the thermal fluctuations this in contrast to published
work.10

Furthermore, the analysis of our experimental data suggests a Hamaker
constant �C3 ≈ 6000 K Å

3
for molecular hydrogen on gold, based on the

best fit at 14 K. (One has to note that, as in most other experiments with
hydrogen, our substrates were not prepared under UHV conditions, hence
there might be a contribution from a thin adsorbed water layer.) However,
the measurement uncertainties allow for �C3 =6000 +4000

−2000 K Å
3
, which is in

agreement with the theoretically expected value of �C3 =8000 K Å
3
.22
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