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Wetting transitions of hydrogen and deuterium on the surface of alkali metals
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Although wetting transitions have been observed for helium and hydrogen on alkali metal surfaces, no finite
temperature, quantum simulation studies of these systems have been able to conclusively locate a wetting
transition. This paper presents such calculations for the systems H2 and D2 on Rb and Cs, using semiempirical
hydrogen-hydrogen interactions andab initio gas-surface interactions. Comparison with experiment implies
that the adsorption potential is;10% more attractive than is predicted by current theory. Simulations of H2

adsorbing on a 15 Å thick film of Rb on Au predict that this system will show a decrease in the wetting
temperature of about 1 K compared with H2 on pure Rb. The simulations reveal that a commonly used ‘‘simple
model’’ is surprisingly accurate.

DOI: 10.1103/PhysRevB.68.125401 PACS number~s!: 68.08.Bc, 05.30.2d, 67.70.1n, 82.60.2s
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I. INTRODUCTION

Consider a fluid near a solid surface at pressureP and
temperatureT ~below the liquid-vapor critical temperatur
Tc). WhenP is equal to the saturated vapor pressure (PSVP),
an adsorbed liquid film may exhibit either one of two po
sible behaviors: spreading across the surface or beading
form a droplet. These possibilities are called wetting~or
complete wetting! and nonwetting~or incomplete wetting!,
respectively. This distinction is compatible with Young
equation for the contact angle~which vanishes in the wetting
case! and thus the behavior of a given system can, in pr
ciple, be derived from theT dependence of three surfac
tensions~gas-solid, liquid-solid, and gas-liquid!. Some 25
years ago, scenarios of thermodynamic transitions betw
wetting and nonwetting were predicted by Cahn1 and Ebner
and Saam.2 Subsequently, such wetting transitions have be
observed experimentally for both isotopes of He3–8 ~the
3He/Cs case involves a prewetting transition at low tempe
ture, but the film does wet the surface at allT! and for
hydrogen9–11 on Rb and Cs, for Ne on Rb,12 and for Hg on
sapphire and Ta.13,14 Similar transitions have been predicte
to occur for other adsorption systems~e.g., Ne/Mg and Ar,
Kr, and Xe on alkali metal surfaces!.15–17The common fea-
ture of all of these systems is the existence of a very wea
attractive adsorption potential; the well depth~D! of the gas-
surface interactionV(z) is less than, or of the order of, th
well depth (e) of the intermolecular potential of the adsor
ing fluid.

These wetting transitions have been studied by a var
of general theoretical models, including lattice-gas, den
functionals, and classical Monte Carlo simulations.18–23 To
date, remarkably, there has been no finite temperature q
tum simulation definitively exhibiting a wetting transition
even though the quantum fluids He and H2 are paradigms of
this transition.24 To our knowledge, only three simulatio
studies of wetting transitions have been published for qu
tum fluids.25–27 All of these studies have utilized the pa
0163-1829/2003/68~12!/125401~7!/$20.00 68 1254
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integral formalism28 to account for the quantum mechanic
properties of the fluids. However, none of the simulations
resulted in conclusive demonstration of the existence o
wetting transition or a direct observation of a prewetti
transition. Wagner and Ceperley were the first to emp
path integral methods to search for a wetting transition. Th
studied 4He adsorbed on a H2 substrate at a temperature
0.5 K. This system was predicted to exhibit a wetting tran
tion by Chenget al.21 Wagner and Ceperley computed th
binding energy of4He on three different models of an H2
surface and found a slight minimum in the binding ener
with respect to coverage. While a minimum in the bindi
energy is a signature of a wetting transition at zero tempe
ture, these calculations were performed at finite temperat
where the situation is less clear. Their calculations were
ried out on very small systems, for which finite size effec
can change the appearance of a wetting transition. There
that study was not a definitive observation of a wetting tra
sition for a quantum fluid at finite temperature.

Boninsegni and Cole studied4He on a Cs surface using
fixed volume and a fixed number of He atoms.26 This system
was also limited in size, containing only 64 atoms on
smooth Cs surface. The authors point out that the res
from such a small system are only qualitatively represen
tive of the true system.26 They observe that the 644He atoms
tend to form something like a droplet at a temperature
0.67 K and tend to be close to wetting the surface at 2
Thus, they do not claim to have observed a wetting transit
and only conclude that their simulations are ‘‘qualitative
consistent’’ with a wetting transition occurring in the vicinit
of 2 K.

Bojanet al. used the same methods we use here to se
for a wetting transition for H2 on Rb.25 However, the lengths
of the simulation runs were too short to provide definiti
results. In addition, no precise values of the bulk vap
liquid saturation chemical potential from simulations we
available at the time, making it difficult to locate a prewe
ting transition. They observed evidence of incomplete w
©2003 The American Physical Society01-1
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ting at 22 K and apparently complete wetting at 30 K, b
were unable to observe a prewetting transition.

In related work Boninsegniet al. studied4He on Li using
both path integral and density functional methods. The a
was to investigate superfluidity in thin He films. The4He/Li
system exhibits complete wetting at all temperatures; he
no wetting transition was observed.

The only classical simulation study pertinent toany ex-
perimentally observed wetting transition~Ne/Rb! is difficult
to compare with experimental data because of uncertain
arising from the proximity~within 1%! of the wetting tran-
sition temperatureTw to the bulk vapor-liquid critical tem-
peratureTc ~Refs. 12,20! and neglect of quantum effects i
the simulations. It is known that quantum effects are imp
tant in liquid Ne, even near the critical point.29

This lack of theoretical analysis for systems studied in
laboratory leaves open many questions, e.g., how reliable
the adsorption potentials and theoretical models used to
dict the transition? What is the detailed nature of the thin-
thick film wetting transition? Can simulations accurately p
dict other systems which will exhibit prewetting transition

In the absence of exact calculations for experimenta
relevant systems, an alternative approach to predictingTw
has been posited, a so-called ‘‘simple model.’’21 In that
model, the thin-to-thick film transition is predicted to occ
when the surface tension ‘‘price’’ of forming two interface
becomes equal to the free energy reduction due to the
grated fluid-surface attraction. Estimates of these terms
to an implicit relation for the wetting temperature

s lg52
1

2
r0E

zmin

`

V~z!dz, ~1!

wheres lg is the bulk liquid-vapor surface tension andr0 is
the bulk fluid number density, both atTw , and the integral
extends from the minimum of the potential to infinity. Som
evidence implies that this model works surprisingly well
predictingTw of classical gases, except in cases of the v
least attractive interactions.22 However, no comparison be
tween ‘‘exact’’ calculations, this model, and experimen
data has ever been made. Such calculations are ther
needed in order to further test this model and theoret
calculations of the adsorption potential. This paper prese
evidence relevant to these open questions by comparing
ting transition data with results of path integral grand cano
cal Monte Carlo simulations for the hydrogen isotopes. T
simulation method is exact, in principle, assuming that
interaction potentials are correct.

II. COMPUTATIONAL METHODS

We have employed the real space implementation of
path integral formalism developed by Feynman28 to simulate
quantum fluids. In this formalism, each quantum molecule
replaced by a classical ring polymer with a number of bea
The equilibrium properties of the corresponding quant
fluid are given by the proper statistical mechanical avera
over the ring polymers. The number of beads must be la
enough so that the properties of the fluid do not depend
12540
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the number of beads. In this work we found that 40~20!
beads were sufficient for modeling H2 (D2) at the tempera-
tures and densities encountered in this work. We refer
reader to a recently published review of the path integ
method as applied to condensed helium30 for details. The
path integral grand canonical Monte Carlo method31 was
used to generate adsorption isotherms in this work. T
grand canonical simulation method involves three disti
types of moves of the molecules, namely, displacements,
ations, and deletions. Molecular displacements were ge
ated using the hybrid Monte Carlo~HMC! method32 wherein
all the molecules were moved in a single configuratio
step. The HMC method has been shown to be efficient
canonical ensemble path integral simulations.33 The type of
move to attempt was selected randomly with probabi
0.01, 0.495, and 0.495 for displacements, creations, and
letions, respectively. The low probability of making a di
placement was chosen because each HMC displacement
sists of five MD time steps in the microcanonical ensemb
Hence, very few HMC moves are needed to propagate
system. We used the multiple time-scale reversible refere
system propagator algorithm of Tuckermanet al.34 to sepa-
rate the stiff intramolecular harmonic forces~bead-bead in-
teractions! from the more slowly varying intermolecula
forces. Ten short time steps were employed for every lo
time step. The velocity Verlet algorithm35 was used to inte-
grate the equations of motion. Most simulation runs includ
53105 configurations for equilibration followed by 63106

configurations for data taking.
The fluid interactions were modeled with the Silver

Goldman potential.36 This potential has been shown to b
accurate for producing the vapor-liquid phase diagram
both H2 and D2.29,31,37The pure fluid surface tension prop
erties for liquid H2 and D2 computed from the Silvera
Goldman potential have recently been shown to be in ex
lent agreement with experimentally measured surface ten
over a range of temperatures.38 The saturation properties o
the bulk fluids were computed from multiple histogram r
weighting ~MHR! ~Refs. 39,40! adapted for path integra
Hamiltonians.37 The MHR simulations provide very accura
values ofPSVP, which are important for studying wetting
transitions.

A number of different potentials for H2 /Rb were consid-
ered, four of which appear in Fig. 1. Theab initio potential
of Chizmeshyaet al. ~CCZ!16 was derived from a Hartee
Fock repulsion and a damped van der Waals~VDW! disper-
sion term.41 The resulting potential was found to fit the fo
lowing expression:

V~z!5V0~11az!e2az2 f 2@b~z!~z2zVDW!#
CVDW

~z2zVDW!3
,

~2!

wherez is the distance between the adsorbate and the jell
boundary of the metal,f 2 is a damping function given by
f 2(x)512e2x(11x1x2/2), b(z) is given as b(z)
5a2z/(11az), V0 , a, CVDW , and zVDW are the four pa-
rameters of the potential. The CCZ parameters for H2 and D2
on Rb are V050.274 eV, a51.769 Å21, CVDW
50.297 eV Å3, andzVDW50.246 Å. This potential is char
acterized by a well-depth ratioD/e;1.26. We have also
1-2
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WETTING TRANSITIONS OF HYDROGEN AND . . . PHYSICAL REVIEW B68, 125401 ~2003!
used an empirical 9-3 potential, which was used by Ch
et al.10 to compute the wetting temperature for H2 on Rb
from the simple model.

For most of the simulations the simulation cell was a re
angle, 30 Å on a side in thex andy directions, with a height
~z! of 60 Å. Periodic boundary conditions were applied in t
x andy directions, with the lowerxy plane being the meta
surface and the upper plane a reflecting wall. Calculati
done with the 9-3 potential used a cubic simulation cell 30
on a side. Comparison of results for the CCZ potential
the larger and smaller cell sizes show that differences in
location of the wetting temperatures and the values of
prewetting pressures are about the same as the uncerta
in the calculations.

FIG. 1. ~Color online! The original CCZ~Ref. 16! and the 9-3 potentials
~Ref. 10! for H2 on Rb. Also shown are two modified potentials obtained
varying theCvdw andV0 parameters in the CCZ potential.
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III. RESULTS

A signature of a prewetting transition that is observable
a simulation is the abrupt~first order! change in the amoun
of fluid adsorbed on a surface at constant temperature as
pressure~chemical potential! is increased toward the bul
saturation pressure. This can be observed by plotting the
density profiles over a range of pressures. This method
been used in a variety of classical simulatio
studies.18,23,42–45Figure 2 presents simulation results for th
film density, obtained with the CCZ potential, at 25 and
K. At 25 K, only a thin film forms for allP,PSVP, indicat-
ing nonwetting. Note that due to metastability the adsorpt
is very small even at a pressure a little higher thanPSVP. The
thermodynamic excess coverage~the integrated excess of th
film density relative to the vapor density! is minuscule, about
;15% of the close-packed monolayer coverage. The sim
lation results for the film at 26 K manifest quite differe
behavior, characteristic of a prewetting transition. Belo
98% of PSVP, a thin film forms. AtP/PSVP50.98, however,
there is a factor of 8 jump in the excess coverage. Furt
increases inP towardPSVP yield an ever thickening film, i.e.
wetting behavior. Thus, the CCZ potential yields a first ord
wetting transition, with a wetting temperature somewhe
between these two values ofT, i.e., Tw525.560.5 K. The
data plotted in Fig. 2 gives the first convincing evidence o
prewetting transition for a strongly quantum fluid observ
from a molecular simulation. These data indicate that
prewetting pressure at 26 K for the H2 /Rb CCZ potential
occurs somewhere betweenP/PSVP50.968 and 0.986. From
Fig. 3 we observe oscillations between the thin and thick fi
states atP/PSVP50.980 at 26 K. Figure 3~a! shows two den-
sity profiles computed at the same relative pressure, but
ing different ‘‘slices’’ of the simulation. This can be see
from the evolution of the total number of H2 molecules in the
simulation cell as a function of time shown in Fig. 3~b!. Most
of the simulation explores phase space corresponding
ph.
FIG. 2. ~Color online! The local density profiles for
the original CCZ potential~Ref. 16! at 25 and 26 K.
The relative pressureP/PSVP at which the calculations
were performed are indicated by the labels in the gra
1-3
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WEI SHI, J. KARL JOHNSON, AND M. W. COLE PHYSICAL REVIEW B68, 125401 ~2003!
thin film of H2 on Rb. The thin film density profile plotted in
Fig. 3~a! was calculated from configurations containing fro
about 100 to 150 molecules. At about 2.53106 configura-
tions the system abruptly switches to a thick film, contain
approximately 350 to 450 H2 molecules. This thick film sub-
sequently evaporates to a thin film at about 3.23106 con-
figurations. The thick film line in Fig. 3~a! was calculated
from the data between about 2.53106 and 3.23106 configu-
rations. The switching between thin and thick films is fac
tated by the fact that the temperature of the transition is c
to the bulk vapor-liquid critical temperature (;33 K) where
the interfacial tension disappears.

The simulation value ofTw525.560.5 K is significantly
higher than the experimentally measured value ofTw
519.1060.06 K.9 This discrepancy implies that the a
sumedV(z) is too weakly attractive, which we address b
low. We have empirically adjustedV(z) to bring theTw pre-
diction into agreement with experiment by making chang
to CVDW andV0. Some results are shown in Table I. We ha
also included in Table I the results for simulations using
empirical 9-3 potential, which is expected to be less accu

FIG. 3. ~Color online! The local density profiles for the original CCZ
potential~Ref. 16! at 26 K andP/PSVP50.98.
12540
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than the theoretically based CCZ potential. These res
~and others, not tabulated! indicate the sensitivity of the wet
ting behavior to the potential parameters, especially
VDW coefficient. For example, for H2 on Rb a 10% increase
in CVDW ~i.e., to a value of 1.1CVDW) leads to a 27% de-
crease inTw , whereas a 10% decrease inV0 ~to 0.9V0) gives
a 12% decrease inTw . Of the potentials we have examine
1.1CVDW gives the best agreement with experiments.

Since one of the aims of this work is to test the simp
model by producing the first conclusive comparison betwe
experiment, theory, and simulations, we calculated the w
ting temperature from Eq.~1! for various potentials. The
simple model predicts aTw of 22.7 K ~Ref. 16! for the CCZ
potential and a value of 22 K for the 9-3 potential. Th
simulations indicate thatTw525.560.5 K for the CCZ po-
tential and 29.560.5 K for the 9-3 potential. This finding
was unexpected because the 9-3 potential has a substan
larger well depth than the CCZ potential~see Fig. 1!, which
would be expected to result in alower Tw . This is reflected
in the predictions from the simple model~see Table I!. How-
ever, the simulations show that the broader potential wel
the CCZ potential more than compensates for the sma
value ofD compared with the 9-3 potential. This sensitivi
to the shape of the potential does not appear to be adequ
captured in the simple model. Moreover, we note that
prediction ofTw from the simple theory for both the CCZ
and 9-3 potentials are not in good agreement with simula
values. Equation~1! underestimatesTw by 11% for the CCZ
and 25% for the 9-3 potentials. In contrast, the value ofTw
predicted from simple model for both of these potentials is
reasonably good agreement with the experimental value
19.1 K from experiments.9 It is therefore apparent that th
agreement with experiments is at least somewhat fortuito

In an attempt to bring the simple model into better agr
ment with the simulation data, we here include quantum
fects in the solid-fluid potential for use in the simple mod
The potentials used in Eq.~1! are classical and no correction
are made for the weakening of the potential that occurs
short distances due to the zero point energy of the adsorb
However, this effect is properly included in the path integ
simulations, since the effective solid-fluid interaction for
single molecule is given by an average of the potential
tween the solid and the ring polymer. The effective sol

TABLE I. Well depths (D), wetting temperatures, and prewe
ting critical points (TPWC) for H2 on Rb computed from the 9-3
potential~Ref. 10!, the original CCZ potential~Ref. 16!, and several
variants obtained with altered parameters. The values ofTw in pa-
rentheses are determined from the simple model while the o
values are from simulations~with uncertainty60.5 K). The experi-
mental values areTw519.1 K andTPWC;23 K ~Ref. 9!.

Potential model D(K) Tw(K) TPWC(K)

9-3 44 29.5~22! 31
CCZ 41 25.5~22.7! 30

0.9 V0 45 22.5~20.3! 28
1.1CVDW 49 18.5~19! 25.5

0.9V0 , 1.08CVDW 53 17.5~18.6! 24.5
1-4
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WETTING TRANSITIONS OF HYDROGEN AND . . . PHYSICAL REVIEW B68, 125401 ~2003!
fluid potential, including quantum effects, is a function
temperature. The high temperature limit of the quantu
effective potential is identical to the classical solid-fluid p
tential. We have computed the quantum-effective poten
for H2 /Rb using the 9-3 potential at several different te
peratures. The classical potential and quantum-effective
tentials at two temperatures are plotted in Fig. 4. The qu
tum potentials were computed by inserting a single path~ring
polymer! at fixed distances from the surface (z), choosing
the orientation and conformation of the path randomly. R
dom path conformations were generated from a path inte
simulation of the ideal gas at the corresponding temperat
An ensemble average over the orientations and confor
tions is performed at each value ofz, giving the correct
quantum-effective solid-fluid potential. As can be seen fr
Fig. 4, the well depth of the quantum-effective potential
considerably smaller than the classical potential at eithe
or 26 K. Calculation ofTw from Eq. ~1! using the quantum-
effective potential is an iterative process because of the t
perature dependence of the potential. However, the calc
tion converges rapidly. We find that quantum effects on
solid-fluid potential only raiseTw by 2 K, or an increase o
about 9% for the H2 /Rb 9-3 system. Hence, the neglect
quantum effects on the solid-fluid potential gives a syste
atic error inTw , but accounts for less than half of the di
crepancy between the simple model and the simulations.
small magnitude of the correction is rather surprising giv
that quantum effects decrease the potential well depth
about 10% at these temperatures. We stress that use o
quantum-effective potential in the simple model is only u
ful for evaluating howTw changes when quantum effects o
the solid-fluid potential are included in the model. This c
rection is not justified in general since the model is surp
ingly accurate as it stands.

Comparison of calculated and experimentalTw values im-
plies that the CCZ potential is not sufficiently attractive
explain the H2 /Rb data. We have made additional compa
sons to test the generality of this conclusion. One comp

FIG. 4. ~Color online! The empirical 9-3 ~Ref. 10! classical and
quantum-effective potentials for H2 on Rb.
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son involves the adsorption of D2 on Rb. This is a fairly
stringent test of the new potential and its relation to the
periments, which were carried out in the same laboratory
which the H2 /Rb data were taken. We have used the pot
tial in best agreement with H2 /Rb experimental data, i.e.
1.1CVDW , for these simulations. The result is that the sim
lation yieldsTw52960.5 K, in excellent agreement with th
experimental value of 28.960.3 K.9 This agreement im-
proves our confidence in the new potential, which should
virtually identical for the two isotopes~differing only in very
small effects of the 1% difference in the isotopes’ polar
abilities!. We have also studied H2 wetting on a similar sys-
tem, H2 /Cs. The potential well-depth for H2 /Cs was found
by Chizmeshyaet al.16 to be some 5% smaller than that fo
H2 /Rb. The simple model predicts aTw;23 K, which is
higher than the experimental value of 20.5760.05 K of Ross
et al.11 We have simulated this system with the 1.1CVDW
potential, assuming that the error in theab initio potential is
systematic. The resulting wetting temperature for this sys
is 19.560.5 K which is slightly lower than the experimenta
result. The agreement for the three relevant systems that
been studied experimentally encourages our confidenc
both the revised potential and the experiments. The comp
son is particularly meaningful because the experiments w
performed in different laboratories, using quite distinct me
ods of surface preparation.

We have computedTw of H2 on Au coated with Rb, a
system not yet studied experimentally. The potential for t
system is given by

VRb/Au~z!5V~z!2
dc

~z1d!3
, ~3!

wheredc5474 meV Å3 is the difference of theCVDW be-
tween Au and Rb,d is the film thickness of Rb, set to 15 Å
in this case, andV(z) is given by Eq.~2! with the parameter
for H2 /Rb using 1.1CVDW . The potentials for H2 interacting
with a pure Rb surface and a 15 Å film of Rb on Au a
plotted in Fig. 5. Note that the potentials are nearly identic
with the Rb/Au potential being about 1 K deeper at the mini-
mum. Tw for H2 on a 15 Å film of Rb on Au is 17.5
60.5 K, about 1 K lower than the pure Rb case. The lowe
ing of Tw has been observed for4He on Cs films of various
thicknesses.5 At 20 K the relative prewetting transition pres
sure,Pw /PSVP, is 0.93 for the Rb on Au substrate, while fo
the pure Rb substratePw /PSVP50.97, a decrease of abou
4%. ThePw /PSVP at 21 K also differ by about 4%. Thes
differences inTw and Pw /PSVP should be large enough t
detect experimentally. We comment that estimates
Pw /PSVP from the simulations are not very precise becau
of uncertainty in locating the transition chemical potenti
Much more extensive simulations would be needed to m
out the prewetting phase diagram with precision close to
of the experiments.9 Nevertheless, the predicted change
Pw /PSVP from 0.97 to 0.94 at 20 K is larger than the unce
tainty in the simulations. The simple theory predicts that
wetting temperature shifts in proportion todc, with a result-
ing shift of 0.9 K for a Rb film thickness of 15 Å.46 This
1-5
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WEI SHI, J. KARL JOHNSON, AND M. W. COLE PHYSICAL REVIEW B68, 125401 ~2003!
prediction is consistent with the simulation result. The s
prisingly large shift is indicative of the extreme sensitivity
the wetting transition behavior to the long range interacti
as implied by Eq.~1!. It is possible to experimentally con
struct such a film of Rb on Au and to measure the wett
properties to test these predictions.5

We address briefly the intriguing question: why does
theoretical CCZ potential underestimate the gas-surface
traction by ;10%? Possible explanations include surfa
roughness and substrate impurities in the experimentally
duced materials, the contribution of the H2 quadrupole inter-
action with its image~omitted from CCZ!, uncertainty about
the image plane’s position, the form of the damping functi
and the need for a more careful treatment of the electron
including hybridization with the adsorbate states.47 When
comparing experiments with theory in this field, it is impo
tant to recognize the potential effects of surface heteroge
ity. In the case of the wetting experiments on alkali meta
the surfaces have not been characterized by either real s
~STM! or diffractive techniques. However, experimentalis
have reported effects onTw of varying surface preparatio
method. One example involves one of the first reports
helium’s wetting transition on Cs,4 which occurred far below
the current estimated transition temperature~2 K!. This low-
ering of the wetting temperature contrasts with a rec
simulation result of an increase in wetting temperature,48 but
the latter involved an essentially classical gas on a spe
model of surface imperfection. Thus, it appears to be the c

*Electronic address: karlj@pitt.edu
1J.W. Cahn, J. Chem. Phys.66, 3667~1977!.
2C. Ebner and W.F. Saam, Phys. Rev. Lett.38, 1486~1977!.
3J.E. Rutledge and P. Taborek, Phys. Rev. Lett.69, 937 ~1992!.
4K.S. Ketola, S. Wang, and R.B. Hallock, Phys. Rev. Lett.68, 201

~1992!.
5P. Taborek and J.E. Rutledge, Phys. Rev. Lett.71, 263 ~1997!.

FIG. 5. ~Color online! The CCZ~Ref. 16! for H2 on Rb adjusted to fit
experimental data@1.1CVDW ~solid line!# and the corresponding potential fo
a 15 Å thick film of Rb on Au~dashed line!.
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that the wetting temperature could either increase or decr
due to heterogeneity. Next, we consider the contributions
two independent quadrupole-related terms. The first is
permanent quadrupole moment’s orientation-dependent in
action with its image, which has been evaluated elsewh
for similar problems.49 The resulting energy is small: just 0.
K ~compared to a well depth of 41 K!. The other term is the
fluctuating quadrupole moment of the molecule interact
with its image in the metal. Using the theory of Jianget al. to
evaluate this quantity, we obtain an attractive energy of 2.
for an H2 molecule at its equilibrium position on Rb.50 This
represents a 5% contribution to the well depth, too smal
explain the discrepancy manifested inTw . Thus, the adsorp-
tion potential remains an open problem.

Finally, we comment on the decade-long evolution of o
understanding of this problem. A theoretical potential w
proposed in 1993, from which the simple model predicte
wetting temperature;22 K for H2 /Rb, close to the experi-
mental value of 19 K.10 This agreement was a fortuitou
consequence, we now believe, of a systematic error inhe
in the simple model~explained above! and a systematic erro
in the potential used at that time. These two errors shifted
prediction ofTw in opposite directions, so that their effec
approximately canceled, resulting in nominal agreement w
experiment. In that initial study, the uncertainty in the w
depth of the potential was reported to be 40%. The m
recent CCZ potential employs better justified methods a
approximations than the 1993 study and has a smaller
mated uncertainty,;25%. However, the good agreement
1993 between experiment and theory has been lost, lea
unanswered questions about the origin of the remaining
crepancy. The present study indicates how wetting transi
data can be utilized to test and refine theoretical adsorp
potentials. Complementary experimental investigations, s
as gas-surface scattering measurements and a test of the
dicted shift inTw for the Rb/Au compound substrate, wou
provide additional assessments of predictions based on t
new potentials.

Note added in proof:A recent study of HD scattering from
Cs has been performed. The results of these experiment
semiquantitatively consistent with the CCZ potential, but a
not able to discriminate errors in the potential on the orde
10%. See A. Siber, Ch. Boas, Ch. Wo¨ll and M. W. Cole
~unpublished!.
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