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Abstract Wetting transitions have been predicted and observed to occur for various
combinations of fluids and surfaces. This paper describes the origin of such transi-
tions, for liquid films on solid surfaces, in terms of the gas-surface interaction poten-
tials V (r), which depend on the specific adsorption system. The transitions of light
inert gases and Hp molecules on alkali metal surfaces have been explored extensively
and are relatively well understood in terms of the least attractive adsorption inter-
actions in nature. Much less thoroughly investigated are wetting transitions of Hg,
H;O, heavy inert gases and other molecular films. The basic idea is that nonwetting
occurs, for energetic reasons, if the adsorption potential’s well-depth D is smaller
than, or comparable to, the well-depth ¢ of the adsorbate-adsorbate mutual interac-
tion. At the wetting temperature, 7Ty, the transition to wetting occurs, for entropic
reasons, when the liquid’s surface tension is sufficiently small that the free energy
cost in forming a thick film is sufficiently compensated by the fluid-surface interac-
tion energy. Guidelines useful for exploring wetting transitions of other systems are
analyzed, in terms of generic criteria involving the “simple model”, which yields re-
sults in terms of gas-surface interaction parameters and thermodynamic properties of
the bulk adsorbate.
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1 Introduction

The physics of liquid film wetting of solid surfaces has long been of fundamental
interest and relevant to numerous technologies. The phenomenon of a wetting transi-
tion, per se, is of more recent interest. In 1977, independent predictions by Cahn and
by Ebner and Saam indicated that (thermodynamic) wetting transitions are expected,
quite generally, in the case of very weakly attractive gas-surface interactions V (r)
[1-5]. Such a transition occurs between a low temperature (7)) regime of nonwetting
behavior and a high T regime of wetting behavior. These regimes meet at the wetting
temperature T \,. The distinction pertains to the film coverage present in coexistence
with a vapor at saturated vapor pressure (svp), Py and chemical potential (iyapor = 0.
“Nonwetting” (sometimes called incomplete wetting) behavior means that just a thin
film is adsorbed at svp, while “wetting” (sometimes called complete wetting) refers
to the presence of a macroscopically thick film. An equivalent distinction between
these situations involves the contact angle 6 of a bulk droplet on the surface at svp. In
the wetting case, 6 = 0, meaning that the equilibrium film spreads uniformly across
the substrate’s surface. In the nonwetting case, a macroscopic droplet will coexist at
svp with a thin film, exhibiting the finite angle 6 where they make contact.

While the transition between wetting and nonwetting is defined in terms of the
properties at coexistence, there is a distinct manifestation of this transition at a pres-
sure below coexistence, i.e., P < Py. This phenomenon is seen dramatically in ad-
sorption isotherm data of in Fig. 1 for the case of “He on Cs. The three isotherms
(with data shown only very close to Py) reveal three very different kinds of behavior.
Atthe lowest T, less than a monolayer is adsorbed for any pressure; this is nonwetting
behavior. At the highest T, instead, the coverage increases smoothly with P, diverg-
ing as P approaches Py, a case of wetting. At the intermediate value of 7 ~ 2.1 K, the
low P data resemble the nonwetting results at 7 ~ 1.7 K. However, there occurs an
abrupt transition about 0.5% below svp; this is the so-called “prewetting transition”,
seen at pressure Pprewet & 0.995 Py. The coverage jumps essentially discontinuously
(by a factor of 8) at this point. For P > Pprewet, the 2.1 K data are similar to the
wetting data at 7 = 3.35 K. This prewetting transition receives its name because this
striking signature—a coverage jump—of the wetting transition is observed below Py.
The function Pprewet(T) forms a first-order transition line in the fluid’s P-T plane,
starting at the point (Py(7w), T ) and ending at the prewetting critical point. (In the
case of Fig. 1, Ty, ~ 2.0 K). Such a phase diagram has been explored for a number
of systems which exhibit the wetting transition. While the details are unique to each
case, the global topology of these diagrams is universal. For example, a very different
range of conditions is relevant to the case of Hg on sapphire, for which the experi-
mental phase diagram appears in Fig. 2. Compared to the *He case (Ty/ T ~ 0.38),
when expressed as a ratio, the wetting temperature (7', ~ 1,600 K) of the Hg tran-
sition is closer to the bulk critical temperature (7' ~ 1,750 K); thus T, /T =~ 0.91
in Fig. 2. Of course, the absolute difference T, — Ty ~ 170 K is much larger for
Hg/sapphire than for “He/Cs (T'c — Ty ~ 3.1 K). A remarkable and common feature
of these prewetting transition lines is that their pressures lie within a few per cent
of the bulk vapor pressure curve. This fact means that the experimentalist must look
quite carefully to see the transition and, therefore, that a good theoretical estimate of
T is an invaluable guide for this search.
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Fig. 1 Frequency shift
(proportional to the film
coverage) of 4He on Cs,
measured with a quartz
microbalance, with P close to
svp, Py. Atlow T ~ 1.7 K, the
film does not wet the surface,
while at high T ~ 3.4 K, it does
wet the surface. At intermediate
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Wetting transitions were observed for the first time in the 1990’s in these two quite
distinct kinds of system: inert gases and H» on alkali metal surfaces, at low Ty, and
Hg on various surfaces, with high Ty, [6-29]. Many other wetting transitions have
been predicted, but not yet observed. The general subject of wetting transitions has
been reviewed in a number of places, including articles in this volume by Saam, by
Ancilotto et al. and by Taborek [2, 3, 30-39]. The focus of the present article is the
relationship between this transition and the gas-surface interaction, which plays a de-
cisive role in whether and where such transitions occur. At the outset, it should be
stated that the low T', transitions of the inert gases and H» are relatively well under-
stood from first principles calculations, but other transitions are either not understood
theoretically or have yet to have the relevant predictions tested experimentally.

Interest in wetting comes from both practical concerns (e.g., adhesion, lubrication,
gas storage technologies) and the fundamental desire to understand the weakest in-
teractions in nature between atoms and surfaces. As will be discussed in some detail
here, wetting transitions are observed when the adsorption energy is smaller than,
or comparable to, the cohesive energy within the film. When the film is an inert gas
fluid, both of these energies are small. Thus, a quantitative understanding of wetting
requires knowledge of these very weak interactions. This need presents a challenge
to our understanding of electronic properties at surfaces, which is especially difficult
because van der Waals interactions responsible for the attraction involve the nonlo-
cal correlation energy—the weak, dynamical coupling between charge fluctuations
of the adatom and the solid surface. As such, theories based on local electronic den-
sities and effectively mean-field approximations to the energy functional are usually
not sufficient for quantitative purposes [40].

This paper compares behavior for a set of systems for which wetting transitions
have been predicted and/or observed. Section 2 presents a thermodynamic description
of wetting, expressed in terms of a surface free energy functional o (u, T, N), where
the two-dimensional (2D) number density N is to be varied. The minimum of o (as a
function of N) occurs at the equilibrium film density, at which point the value of ¢ is
0 sy, the solid-vapor interfacial tension. Section 3 presents a so-called simple model
of the wetting transition, which provides an implicit, albeit approximate, expression
for the wetting temperature if the adsorption potential is known. The model explains
why the key feature of systems exhibiting wetting transitions is a weakly attractive
adsorption potential, meaning that the adsorption potential’s well-depth D is compa-
rable to the well-depth ¢ of the mutual interaction between adatoms (or admolecules).
Section 4 explains the origin of such potentials in qualitative terms, noting that inert
gas-alkali interatomic interactions are also quite weakly attractive. Section 5 presents
results concerning wetting for the case of simple gases on alkali and alkaline earth
metals, systems which have been studied extensively. Section 6 describes wetting
transitions for a set of other systems, where the theoretical and/or experimental situa-
tion is much less well developed. Section 7 briefly summarizes these various wetting
problems and suggests directions for future research.
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2 The Surface Free Energy Functional o (1, T, N)

As shown above, in Fig. 1, one way to observe the wetting transition is an adsorption
isotherm. In this experiment, one determines, at fixed 7', the coverage N as a function
of P, or equivalently the chemical potential jtyapor; for an ideal monatomic gas, this
latter quantity is given by

Mvapor = ,3_1 ln(n)\?)) (D

Here, n = PP is the 3D vapor number density and A = (278h*/m)'/? is the de
Broglie thermal wavelength, expressed in terms of the atomic mass m and the in-
verse temperature 8 = 1/(kpT). Such experiments usually cover the range from
very low P to Py. One theoretical procedure used to determine the equilibrium value
of N is shown schematically in Fig. 3, which presents the “surface tension function”,
o(u, T, N), equal to the grand free energy per unit area, i.e., the difference between
the Helmholtz free energy per unit area, F (T, N), and uN;

o(u,T,N)= F(T,N) — uN 2)

The equilibrium state of the film corresponds to the minimum, as a function of N,
of o(u, T, N) = oy (at specified T and chemical potential i = ftyapor). As stated
earlier, the distinction between wetting and nonwetting involves the film’s behavior
at Py (u = wo)- Let us suppose that Fig. 3 applies to two different situations, for each
of which u = . The behavior at very small N is simple to compute (the “Henry’s
law regime”), because then the film is a quasi-2D ideal gas, for which we may use a
relation analogous to that of the vapor, (1) [39]:

(3F/3N)N—0 = ftideap(N, T) = E1 + B~ In[NA*(1 — e P2)] (N = 0)

Here, E; is the ground state energy of the adatom and A is the spacing between
energy levels of perpendicular vibration in the surface potential, V (z), which is im-
plicitly assumed to be a quadratic function of z. Correspondingly, there is an initial
slope to the surface tension function, given at svp by

[00/9N1N—0 = (E1 — o) + B~ ' In[NA*(1 —e ™ P®)]  (u=po, N —0)

a

(a)

(b)

Fig. 3 (Color online) Schematic behavior of o (i, T, N) as a function of coverage N, at svp. In case (a),
the global minimum occurs at finite coverage, corresponding to a thin film (nonwetting). In case (b),
the minimum occurs at infinite thickness (wetting). Between these two situations there occurs a wetting
transition
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Neglecting the second term, which is roughly proportional to T, one observes that the
initial slope of o (19, T, N) has a sign equal to that of (E] — pg).' This difference
is assumed to be negative in the figure; meaning that a single atom is bound more
strongly to the substrate than to the bulk adsorbate at the given value of T'. If, instead,
the sign were positive, no such thin film ever occurs in equilibrium on this surface,
since then o (o, T', N) always has a local minimum at N = O for all f4yapor < 0. The
case of the He isotopes at low T on Cs is quite interesting in this respect. For “He,
the atomic binding energy for this potential (discussed in Sect. 4) is 3.8 K so, with
no ~ —=7.2 K, the difference (E1 — po) =~ 3.4 K. Hence, perhaps surprisingly, the
initial slope would be positive at low T, meaning no monolayer film forms, as seen in
the data of Fig. 1. In contrast, the less strongly bound *He atom (E; &~ —3.4 K) has
(E1 — o) = —0.9 K, so the initial slope of the function o (V) is negative at low 7.
Hence, a monolayer film forms at low T only for the less strongly bound *He isotope.

The determinant of wetting vs. nonwetting is the form of o (g, 7', N) at large N.
Figure 2 exhibits two distinct types of behavior for the limiting behavior of this func-
tion. Case (a) is nonwetting; only a thin film is present at svp, perhaps a monolayer
or so. The alternative scenario—case (b), wetting—occurs when the minimum lies at
infinite thickness. (In fact, “infinite thickness” really means a finite coverage, of order
30 to 200 nm, once gravity is taken into account.) The wetting transition occurs be-
tween situations (a) and (b). This variation of behavior is usually achieved by chang-
ing T, as in Fig. 1, although one could alternatively make a quasi-continuous variation
of the substrate composition or structure to achieve the same goal [10, 11, 41-44], as
discussed briefly in Sect. 5. The temperature of this transition is 7'y, at which point
the equilibrium film coverage at svp jumps from a finite value to infinity—a first order
transition. A continuous transition can occur for some systems, in principle [45], but
that possibility has not yet been seen experimentally in adsorption on solid surfaces.
However, it has been seen in adsorption on liquid surfaces [2, 3, 46, 47].

In the case of a macroscopic wetting film, the surface free energy manifestly co-
incides with the sum of the solid-liquid (o) and liquid-vapor (oy) surface tensions
(each of which is a function of T'). Thus,

osy =0l +0g (wetting case) 3)

In the nonwetting case, instead, a thin film forms, as seen in Fig. 1¢ and Fig. 3a. This
behavior means that the corresponding solid-vapor tension is smaller than the sum
on the right side of (3): ogy < o1y + 0. The inequality is consistent with Young’s
equation, which provides the contact angle 9:

ogy =0lycosf + 05 (nonwetting case) (@)

Evidently, wetting corresponds to the limit of zero contact angle. The spreading co-
efficient w is defined as the difference between the two sides of (3):

w=og— (O +05)

I The alert reader will note that this slope is actually negatively infinite (!) as long as 7 # 0, but at low T
the argument is still qualitatively valid.
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If w < 0, a droplet beads up on the surface; otherwise, it spreads across the sur-
face. Physically, the former situation is one for which the solid-vapor interface has
the lowest free energy, so the area of solid-vapor contact is maximized as the liquid
equilibrates.

3 The ““Simple Model” of the Wetting Transition

While computer simulation is usually the theoretical tool of choice for quantitative
calculations of wetting behavior, one might like to have a more convenient method
to anticipate whether a given system is wetting, or not, and, if not, at what Ty, the
transition is expected to occur. We have found useful a so-called “simple model” [10,
11, 40, 48-51] in which one approximates the solid-liquid (s-1) interfacial tension as
follows:

UsI%Usv+01v+P1/d2V(Z) (5)

Here, the adsorption potential is taken to be a function of just the surface-normal
distance, z; this is a reasonable approximation for the weakly attractive potentials
responsible for nonwetting behavior at low 7', since the adsorbed atom lies far from
the surface atoms. The right-most term in (5) approximates the gas-surface interaction
energy in terms of the bulk liquid density p; and the integral between the minimum
in the adsorption potential, Z = Zmin, and z = oo. The physical content of (5) is that
the total free energy cost of the s-1 interface (o) equals that of terminating the solid
(o sv) plus that of terminating the liquid (o 1), with a “correction”, the last term, due
to the solid-liquid interaction energy. With this approximation, (5), (3) leads to an
implicit equation for the wetting temperature:

low/pilT, =—(1/2) / dzV(z) (simple model’s transition condition)  (6)

A very similar analysis and its implication for wetting at 7 = 0 can be developed
straightforwardly, without any approximation, apart from use of a specific lattice-gas
model. In the model’s simplest form, the atoms occupy sites of a simple cubic lattice,
with nearest-neighbor interactions —¢. Then, the bulk chemical potential equals the
cohesive energy, (o = —3e, since each particle has six neighbors, and the 1-v surface
tension is oy = &/ (2a?), where a is the lattice constant (as can be found by cal-
culating the excess energy of a free-standing slab of liquid). The substrate provides
an attraction V; for film atoms at distance ja. Then, the criterion for a wetting film
to exist at svp is that the grand potential per unit area, given by (2), be negative; at
T =0, then,

o0
0>FE—uoN =¢+ Z V; (wetting criterion for lattice model at 7 =0)  (7)
j=1

This equation coincides with the discretized limit of the continuum simple model, (6).
An even simpler hand-waving argument, leading to the same wetting criterion, (6),
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at finite 7', is this: an infinite film costs free energy 2o}y plus the integral in (5).
Wetting occurs only when this sum is negative definite. An equivalent interpretation
in thermodynamic terms is that the transition occurs when oy is sufficiently small
that the film spreads in order to gain the gas-surface attractive energy (even if this
quantity is small). The simple model can be made less simple, but more accurate,
close to the bulk critical temperature T by replacing p; with p; — py, where py is
the coexisting vapor density.

Equation (7) is particularly useful because it can yield a crude criterion for T =0
wetting in terms of the relevant interactions. If we set —V| = D, the well-depth for
the adsorption potential, and neglect all terms beyond the first term in the sum, the
wetting criterion (7) becomes D/e > 1. A more accurate estimate could be to as-
sume that terms beyond the first yield ~ —0.2D, resulting in a T = 0 wetting crite-
rion D/e > 0.8. Although an even more reliable estimate is provided in the follow-
ing section, one can recognize from the preceding approximations that the criterion
distinguishing between wetting and nonwetting has a plausible qualitative aspect:
a comparison between the energy of the film’s adhesive interaction (D) and its cohe-
sive interaction (¢). The estimate of the wetting temperature, (6), however, requires
additional knowledge—that of the surface entropy of the fluid, which is incorporated
in the T -dependence of oy .

The simple model is valuable because of its prima facie simplicity. As discussed
below, detailed comparison has been made with computer simulations and density
functional calculations of wetting transitions [10, 11, 30, 32, 44, 49-62]. It is found
that the simple model, (6), provides a rather good approximation to 7'y, in general,
surprisingly so in view of its simplicity.

4 Ultraweak Adsorption Potentials

What should be borne in mind is the uncertainty of every prediction of wetting tran-
sitions. The “weakest link™ is usually the adsorption potential, which is usually not
well known, except at large z. This asymptotic behavior of the attractive potential is
a van der Waals interaction, the form of which is a known function:

V(z)~—C3/7° (8)

The coefficient C3 is calculable in terms of the dielectric function of the substrate,
&(w), and the frequency-dependent polarizability of the adsorbed gas, a(w). If this
information is available, the resulting value of C3 may be computed, with typical
uncertainty 10%, due to uncertain input data. The following approximation is corre-
spondingly accurate for many situations [39]:

C3 = (goaofiws /8)(1 + ws /wp) ™! )

Here, g is the low frequency limit of the surface response function, g(w) = [e(w) —
11/[e(w) + 1], which is adequately described by this expression (at imaginary fre-
quency iw): g(iw) = go/(1 + w? /wf). An analogous expression is frequently used to
describe the polarizability: a(iw) = ap/(1 + w? /a)g), where ¢ and wq are the static
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value and characteristic frequency, respectively, of the adatom’s polarizability. Equa-
tion (9) provides a useful estimate if the necessary input information about ¢(iw) and
a(iw) is incomplete. Tabulated values of C3 and the parameters wg, g, go and wy
for many systems appear in Bruch et al., Cheng et al. and Vidali et al. [39, 49, 63].

The real challenge in computing these potentials is the repulsive part of the inter-
action, arising from charge overlap of the electronic wave functions of the substrate
and adsorbate. A set of detailed ab initio calculations of V (z) has been carried out
by Chizmeshya et al., abbreviated CCZ [48]. Their method combines a Hartree-Fock
repulsion, based on a pseudopotential scattering theory of Chizmeshya and Zaremba,
[64, 65] with a first principles evaluation of the damped van der Waals attraction,
where the term “damped” refers to a small z correction to the otherwise divergent (8).
Figure 4 shows the CCZ potential for a He atom interacting with the surface of Cs.
The well-depth of this adsorption potential is just D = 0.59 meV, or 6.9 K. This value
is significantly smaller than that (¢ ~ 11 K) of the He-He interatomic potential, which
is also shown in Fig. 4 [66, 67]. It is intriguing that the most (chemically) reactive
surface is the most inert surface for physisorption!

In view of data in Table 1 and the estimated wetting criterion discussed above,
D/e > 0.8, it is not surprising that “He does not wet Cs at T = 0. The real situation
is more complicated, as we shall see; 3He films do wet Cs at all T [22, 23]. Although
this may seem paradoxical, because a single atom of *He is bound more strongly than
a He atom, |E 54)| > |E %3) |, a key quantity (as mentioned in Sect. 2) is the difference
between these energies and the bulk chemical potentials, i.e. (E1 — wo), which is
negative only for 3He.

Table 1 presents values of the ratio D/e for various adsorption systems, all of
which are expected to exhibit nonwetting behavior at the triple point, except those

Energy (meV)

Fig. 4 (Color online) Comparison between the He-He interatomic interaction (full curve) and the ad-
sorption potential (dashed curve) for a He atom on Cs metal, where 1 meV & 11.6 K. The distance z (ex-
pressed in Bohr radii = au ~ 0.529 A) is measured with respect to the helium edge, which is approximately
one-half of a lattice constant outward from the first layer of Cs nuclei [48]. Individual points (triangles)
represent the He-He interaction, from Anderson [66, 67], while the full curve is a Lennard-Jones potential,
with parameters ¢ = 0.949 meV (11 K) and o =4.95 au
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Table 1 The ratio D/¢, for various gas-surface combinations. ¢ values are from Bruch et al. [39] and D
values are from CCZ [48] or Vidali et al. [63], for graphite. For each metal its work function W, in eV, is
in parentheses; values taken from [68] and [69]

Gas (¢, in K, in parentheses)

He Ne H, Ar Kr Xe
Substrate (W) (11.01) (42.25) 34) (143.2) (201.3) (282.8)
Cs (2.14) 0.63 0.56 0.70 0.94 1.1 1.1
Rb (2.26) 0.66 0.57 0.71 0.93 1.1 1.1
K (2.30) 0.74 0.61 1.3 0.99 1.1 1.1
Na (2.33) 1.1 0.88 2.0 1.3 1.5 1.5
Li (2.93) 1.6 1.2 29 1.7 1.9 2.0
Mg (3.66) 32 2.2 5.6 29 3.2 4.0
Graphite (5.0) 18 9.0 18 7.8 7.2 6.6

involving graphite and probably Kr, Xe and H, on Mg.? Apart from these exceptions,
the ratios are small. A general feature of the data is particularly low ratios for gases
adsorbed on Cs and Rb, followed by progressively higher values for the heavier alkali
metals and Mg, the one alkaline earth metal in the table. The ratios are much higher
for graphite, which is the most attractive substrate for many physisorbing gases. Note
that the ratios are even smaller for Ne than for He, meaning that Ne is particularly
likely not to wet most of these surfaces, as confirmed below in a more reliable analysis
based on the simple model, or computer simulations, or experiments [17, 44, 51, 61].

The origin of the weakest adsorption interactions in Table 1 is that the conduc-
tion electrons of the alkali metals have wave functions extending far outside these
metals’ surfaces, repelling the inert gas atom. There is a sensible correlation with the
work function W; alkali metals have the smallest work functions in the periodic ta-
ble. Hence, their electronic charge density pe(z) decays most slowly outside of the
surface. Asymptotically, pe(z) o exp[—Kz], with K = (SmeW)m/ﬁ and m. is the
electron mass; for example, for Cs (W 2 2.1 eV), the decay constant K ~ 1.5/A.
This slow decay and correspondingly extended repulsive interaction [48] leads to a
large equilibrium distance, of order 6-8 A, measured from the outermost layer of
nuclei, for the adatom and therefore weakly attractive potentials, according to (8). In
analyzing the weak attraction, one should also understand the role played by the co-
efficient C3. Its value is 1.4 (1.9) times larger for He/Li (Mg) than for He/Cs. These
ratios are not, by themselves, sufficient to account for the 3.3 (5.5) times larger values
of D for He on Li (Mg) than on Cs. The reason is a positive feedback in the potential;
the greater C3 values for the heavier alkali metals reduce the equilibrium distance,
further increasing D. We note, based on these arguments, that other alkaline earth
metals should also manifest weak attractions for inert gases; Ba, for example, has
W = 2.6 eV, implying that it should be much less attractive than Mg. However, no
such adsorption potential calculations or experiments have been carried out with this
surface, as far as we know.

ZFigure 6 of Cheng et al. [49] implies strong wetting for Hy/Mg, since D* = 5.6 and C3* = 4.4.
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Fig. 5 (Color online)
Correlation between the
characteristic length scale for
the adsorption potential, zq, and
the decay length for the
electronic charge density, L,
both defined in the text. Points
for various surfaces are derived
from data of Table 1 for the
gases He (red squares), Hy (blue
diamonds) and Ne (black
triangles). Lines are linear fits to
the data: blue short dashes (Hp), 2 * ' * ' * ! * ' * !
red long dashes (He) and black 0.4 0.45 0.5 0.55 0.6 0.65 0.7
dotted-dashed (Ne) L ( A)

z, (R)

Figure 5 presents an alternative way to think about these adsorption potentials.
Consider the adsorption potential near a surface for which the decay length of the
surface charge density, L = 1/K . Then, if the repulsion is proportional to this density
[70, 71], L provides the characteristic length scale for the full potential V(z) (since
the van der Waals interaction has no range per se). Hence, L should be proportional
to the characteristic length for the full potential, zo = (C3/D)'/3. Figure 5 reveals
such a correlation, approximately, for a number of gas-surface interactions, in that
the data for quite different systems are, indeed, obeying roughly a linear relationship.

The following section describes how wetting behavior serves as the principal tool
to assess theoretical adsorption potentials for these very weakly attractive cases. The
general uncertainty in the adsorption potential could be remedied, in principle, if
one could use atomic/molecular beam scattering to observe bound-state resonances
(selective adsorption) [63]. In this method, the source of the best-known adsorption
potentials for other systems, the incident particle is diffracted into a resonant bound
state on the surface, dramatically reducing the specularly reflected intensity when-
ever such a resonance occurs. A kinematic analysis of these data directly yields the
spectrum of vibrational eigenstates in the potential V (z). Unfortunately, the small
corrugation (lateral periodic variation of the adsorption potential) on alkali metals
means that atomic diffraction is extraordinarily small; to date, as a result, no scatter-
ing experiment has yielded bound state resonance information for these weak-binding
systems. A less direct technique, rotationally mediated selective adsorption [72, 73],
is feasible; the one experiment thus far [74] found consistency with the conclusion of
Sect. 2, based on simulations, that the H, /Cs interaction is somewhat more attractive
than the CCZ prediction of that potential.

Precisely the same physics underlies the set of inert gas-alkali interatomic po-
tentials. For A-He interactions, where A is some atomic species, this can result in
strikingly small well-depths, &, of order 10% of ege-He, as seen in Table 2 for several
such interactions. There is also seen an expected correlation between the value of ¢
and that of the ionization energy I A, analogous to the dependence of D on W for
the adsorption potential seen in Table 1. These well-depths are quite uncertain, how-
ever, due to open questions about the damping of the van der Waals attraction (~r—°
asymptotically). In the case of He-He, in contrast, essentially exact calculations are
available, so the resulting well-depth is known to better than 1% [66, 67].
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Table 2 Parameters of A-He interatomic interactions, where A is a listed atomic species: ¢ is the well-
depth and Ry, is the equilibrium distance for this dimer. Listed in order of increasing I, the ionization
energy of atom A. Potential energy data from [75-80] for other gases than H-He, which is taken from
Bhattacharya and Anderson [81]

Atom A 1A (eV) Rpin (A) e (K)
Cs 3.9 7.9 0.2-22
Rb 42 75 0.3-2.2
Li 5.4 6.2 1.5-4
Mg 7.6 3.9 6.5-11
H 13.6 3.7 6.8

He 24.6 2.97 11.0

5 Wetting Transitions on Alkali and Alkaline Earth Metals

The first wetting transition to be observed experimentally was that of “He/Cs, which
had been predicted with both the simple model, (6), and a more detailed helium den-
sity functional theory [6, 7, 9—11, 24-26]. These experiments included measurements
of superflow and third sound, which probe the film thickness indirectly through the
superfluid properties, as well as surface plasmon microscopy, ellipsometry and quartz
microbalance measurements, which provide more direct evidence of the film cover-
age. Subsequent experiments have found similar wetting transition behavior of *He,
H,, D, and Ne on a variety of alkali metal surfaces. These experiments, as well as
those of the contact angle, on alkali metals are described in articles of Taborek and
Saam in this volume [31, 32].

One can investigate these transitions with approximate models, like those dis-
cussed in Sect. 3, or with more reliable computer simulations. An example of the
latter appears in Fig. 6. Here, one observes nonwetting behavior of H, on Rb at 25 K;
the surface-excess film coverage is seen to be small, about 15% of a monolayer or
less, for all P < Py. In contrast, at 26 K, there occurs a discontinuous jump in cover-
age (by a factor ~8) to a multilayer film, at P* = Pprewet (26 K)/ Py ~ 0.97. Beyond
this value of P*, the coverage grows smoothly with increasing P*, i.e., wetting be-
havior. This means that the (predicted) wetting temperature is 7'y, = 25.5 £ 0.5 K.
However, the experimental value found by two groups [12-15, 47] is Ty, ~ 19 K. Shi
et al. suggested that the discrepancy in the value of Ty, may arise from a well-depth
for H>/Rb that needs to be increased by some 20% above the ab initio value computed
[48] by CCZ.

Much easier to carry out are investigations based on the simple model. Figure 7
presents such a comparison (adapted from Kim et al. [82]) between interaction pa-
rameters for “He and various surfaces and the criteria for monolayer formation and
wetting, respectively, at 7 = 0. The wetting criterion is based on (6). For this pur-
pose, it is convenient to evaluate that relation with an approximate “3-9” adsorption
potential:

V(z)/D=4/2T)x™? —x73 (10)
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Fig. 6 (Color online) Number density p(z) of Ho molecules as a function of distance z from the Rb
surface (measured from the surface layer of nuclei). Left panel is at simulation temperature 7' = 25 K,
showing nonwetting, while right panel is at 26 K, showing the prewetting transition. Numbers within
the figures represent the saturation ratio, P* = P/P. The density falls to zero at the right end of the
simulation domain, at z = 60 A. From Shi et al. [43]

Here, x = z/z0, where zo = (C3/ D)!/3 is the characteristic length scale in the poten-
tial. This potential has its minimum at zmin/z0 = (2/3)!/3 ~ 0.87; its full-width at
half minimum is 0.485 zo. The wetting criterion (6) for this potential then becomes
[10, 11]

(C3DH'? =3.33(01y/n1) (11)

This equation can be further simplified if one assumes that the interaction, (10), can
be represented as an integral of Lennard-Jones pair interactions (with hard-core di-
ameter parameter oparq) over a half-space [82]. In this case, the wetting criterion,
(11), becomes Do parq = 41.6 K-A for *He. Here, o'para/z0 = 10'/0/31/3 ~ 1.02.
The monolayer formation criterion appearing in Fig. 7 is that the ground state
energy per atom of three-dimensional (3D) helium equals that of a quasi-2D film:

Esp = Efm = E1+ E>p (monolayer criterion) (12)

Here, E; is the ground state energy of a single adsorbed atom and E3p = 7.17 K
(E2p = 0.90 K) is the energy per atom of 3D (2D) 4He at T = 0 [83-85]. The energy
E; is computed from the adsorption potentials for various surfaces, taking into ac-
count the zero-point energy of motion perpendicular to the surface. In the harmonic
approximation to the potential of (10), the criterion is

E3p — Eap = —D + [/ Qohaa) [l D/m]'/? (13)
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Fig.7 (Color online) Threshold values of D for “He monolayer formation (full curve) and T = 0 wetting
(dashes) on various surfaces, as a function of the hard-core diameter o, of the He-substrate interatomic
potential. Points are derived from CCZ calculations [48] of C3 and D. The substrates are (in order of
decreasing D) Mg, Li, Na, K, Rb and Cs

Here, o =27(5/2)'/3 ~ 36.6 and m is the adatom’s mass. This expression provides
the basis for the monolayer curve in Fig. 7, with E3zp — Eop = —6.32 K for 4He at
T =0.

If a given system’s value of D falls below a specific line in Fig. 7, the relevant
phase is predicted not to occur. Direct implications of this figure are then that (at
T=0) 4He does not wet Cs (since the circle lies below the dashed curve), while
4He/Rb and *He/K wetting are marginal (the square and diamond lie essentially on
the curve). The first prediction is consistent with numerous experiments [6, 7, 9, 24—
26, 36] on Cs. As for *He/Rb, the borderline theoretical prediction is thus far consis-
tent with experiments, insofar as the data from different groups disagree concerning
T = 0 wetting [16, 28, 29, 32, 34, 35, 86]. The prediction for K is also marginally
consistent with experiments showing wetting at 7 = 0 and the absence of a mono-
layer. Na, in contrast, is predicted by the figure to be wet by “He, although it does
not form a monolayer film, since its symbol () falls below the full curve [40]. This
situation implies the existence of a wetting transition at low 7', i.e. a line of cover-
age discontinuity in the u—T plane. There is, indeed, experimental evidence of this
transition on Na, below 1 K [28, 34, 35]. A similar transition is seen experimentally
for K [34, 35]. Finally, the figure indicates that Li is expected [53] to show contin-
uous adsorption at low 7. This prediction, too, is consistent with experiments [80].
Thus, the group of five wetting behaviors of *He on alkali metal surfaces is consis-
tent with the current wetting theory and theoretical potentials. Making this statement
more comprehensive requires use of more reliable and extensive methods than that
used to generate the figure above. At T = 0, wetting transition calculations for He
have been carried out with density functional methods, hypernetted chain and diffu-
sion Monte Carlo methods, of which the last is “exact”, in principle (meaning subject
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only to statistical uncertainty and incomplete information about the interactions) [87].
At nonzero T, limited path integral Monte Carlo calculations exist thus far only for
4He/Li and Cs [53, 82], while the density functional method has recently been ex-
tended to nonzero temperatures and applied to “He/Cs [83, 84]. The present article is
not the place to review these many calculations. We note also that the film coverage
greatly influences its superfluid properties, a dependence which has been explored
experimentally by the UC Irvine group [31, 34, 35, 86], but not theoretically to any
significant extent.

The preceding section described the origin of He wetting transition in terms of the
small value of D and showed that this quantity is correlated with work function. De-
molder et al. pointed out [88] that oxidation of the Rb surface would lower the work
function and hence decrease the well-depth, raising the wetting temperature. Their
subsequent experiments confirmed this expectation for the oxidized Rb surface [89].
Experiments found the nonwetting behavior of *He to persist up to 1.45 K, much
higher than the value (T, ~ 0) for the bare Rb surface.

We stated earlier that He wets Cs at 7 = 0 (exhibiting a prewetting jump), while
“He does not wet that surface. The origin of this intriguing difference can be seen
by comparing the left side of (6) for the two isotopes. For “He at T = 0, the left
hand-side is o1y /p) = 13 K-A, while for 3He this ratio is just 6.9 K-A. This means
that the wetting well-depth threshold is much lower for the lighter isotope, so that
even the modest depth for the He-Cs potential, Fig. 4, easily exceeds the wetting
threshold of *He. Since we believe that the Cs surface provides He with the least
attractive adsorption potential of any surface, we conclude that 3He is a universal
wetting agent. It is possible that *He is the only such adsorbate in nature, but we lack
enough information about other systems’ adsorption potentials to test this conjecture.

Since it was established that *He does not wet the surface of Cs below 2 K, while
3He does wet that surface, one can ask about the properties of *He->He mixtures on
Cs. Indeed, Pettersen and Saam predicted that this system would exhibit a reentrant
wetting transition, depending on the concentration x3 of the mixture [90-93]. Ex-
periments in several groups have confirmed this general picture, resulting in a rich
phase diagram in the 7 — x3 thermodynamic plane [94-97]. Among these results is
the presence of a dewetting transition on the low x3 side of the coexistence curve, in
addition to a prewetting transition on the high x3 side of this curve.

We now turn to the problem of Hp wetting. Thus far, detailed simulations have
been performed only for Hy films on Rb and Cs (as shown in Fig. 5) surfaces, as
well as thin films of these metals adsorbed on Au surfaces. To develop a quantitative,
albeit approximate, overview we employ the same model used to construct Fig. 7 for
the wetting behavior of “He. Figure 8 presents results for the wetting criterion and
monolayer formation criterion at the triple point (13.8 K) of Hj. The wetting line
corresponds to the relation Do pard = 3.39(0'1v/ nyiple) = 283 K-A; this coefficient is
much larger than that (41.6 K-A) for *He, primarily because of the much lower o', of
“4He (which is smaller than that of Hj at its triple point by a factor of nearly 8, while
the density is just 10% lower than that of liquid Hj). The other curve shown in Fig. §,
the monolayer formation criterion, is based on (13), with E3p — E>p = —66.4 K [83].
Implicitly, we are neglecting temperature-dependent contributions to the free energy.
According to this figure, H, should not form a monolayer on any of the alkali metals,
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Fig. 8 (Color online) Wetting threshold (dashes) and monolayer formation (full curve) thresholds for Hy
at its triple point. Data points for various substrates derived from V(z) calculations of CCZ [48]. The
substrates are (in order of decreasing D) Mg, Li, Na, K, Rb and Cs. The parameters for Cs, Rb and K
nearly coincide

but it should form a monolayer on Mg. H; is predicted to exhibit a wetting transition
at the triple point on Li, but not on the heavier alkali metal surfaces. The experimental
data on Rb and Cs are consistent with these predictions, as mentioned above, while
predictions for the other systems have not yet been tested experimentally.

There exists the possibility of “tuning” the wetting transition, by creating a “‘com-
pound” substrate. Consider, for example, a surface consisting of a Rb film of thick-
ness d deposited on Au. Then, if d is large enough that the effect of the Au on the H»
potential is a long-range van der Waals interaction, one can describe the H, potential
energy VRru/au(z) as follows:

VRbau(z) = VRro(2) — AC3/(z +d)? (14)

Here, VRrp(z) is the potential energy for Hy molecule at position z above the surface
of semi-infinite Rb metal, while the last term represents the “perturbation” attribut-
able to the substitution of Au for Rb at distances from the molecule exceeding (z+d).
The quantity AC3 = C3(Hy/Au) — C3(Hz/Rb), i.e., the difference between C3 co-
efficients for these surfaces. The effect of this perturbation on wetting behavior can
be surprisingly large. For example, the Hy potential due to a 15 A Rb film on semi-
infinite Au is barely different from that due to semi-infinite Rb, but the calculated
wetting temperature shift is ATy = 1 K, compared to the original Ty = 19 K, ac-
cording to both the simulations and a simple perturbation theory based on the simple
model [10, 11]. In the latter approach, the shift on the left side of (6), proportional
to ATy, is equated to the shift of the right side due to the Au perturbation [46].
Similar predictions have been made for the 4He/Cs system, which were confirmed
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Fig. 9 (Color online) Wetting threshold (dashes) and monolayer formation (full curve) threshold for Ne
at its triple point, 24.55 K. Data points for various substrates derived from potentials of CCZ. In order of
decreasing D, points correspond to Ne/Mg, Li, Na, K, Rb and Cs, respectively

experimentally by Taborek and Rutledge [42]. In that case, a Cs film with d ~ 15 A
had Ty, ~ 1.5 K, while infinite Cs has Ty, ~ 2 K. The wetting temperature of “He
is particularly sensitive to even small perturbing potentials, according to the simple
model, because its value is determined primarily by the T -dependence of oy, which
is small for “He at low T (since o}y X T7/3) [98].

A further variant of the problem of the Hy/Cs wetting transition is the effect of
adding He in small concentrations to the H, liquid. This problem has been explored
experimentally and theoretically by Pettersen et al. [99]. These results are mutually
compatible if one incorporates thermal expansion of the fluid and the equation of
state of the He impurity within the H» liquid.

Finally, we turn to the case of Ne adsorption on alkali and alkaline earth metal
substrates. Using the same model applied above to He and H», the wetting criterion,
(11), becomes Dohaq = 367 K-A, as shown in Fig. 9. The monolayer formation
criterion is again (13), with E3p — Eop = —151 K [83]. The data points indicate that
Ne should adsorb less than a monolayer film at its triple point and wet none of the six
substrates represented in the figure. These conclusions (consistent with expectations
based on interaction ratio data in Table 1) are borne out in the case of Rb and Cs by
the experimental data of Hess, Sabatini and Chan [17]. Their data for Rb appear in
Fig. 10, showing a wetting transition about 0.1 K below the bulk 7. = 44.4 K.

Calculations have been carried out for Ne adsorption on alkali and alkaline earth
metals, using both Monte Carlo simulations and density functional methods [55, 59,
61]. The calculations for Li, Mg, Rb and Cs yield results consistent with Fig. 9 and
reasonably close to the experimental data of Fig. 10 for Rb. These simulation re-
sults are also consistent with the experimentally observed “drying behavior” for Cs
[17, 59]. Agreement with the experiments can be improved if the adsorption poten-
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tial’s well-depth D is reduced by about 9% from the value found by CCZ. This shift
is of the opposite sign to that needed to explain the H,/Rb wetting transition data.
The “drying behavior” of Ne on Cs, is not a drying transition per se, but is instead
a nonsingular reduction in adsorbed mass close to the surface, within a distance that
grows with the correlation length, divergent at T¢. This generic behavior was antici-
pated by Ebner and Saam [100], who found that long-range interactions move what
would be a drying transition (for short-range interactions) to the critical point.

Extensive Monte Carlo calculations were also carried out for Ne adsorption at the
surface of Li and Mg. In the former case, the simulation data established that no
wetting transition occurs for 7' < 42 K, consistent with Fig. 7, but we may tentatively
extrapolate from the Rb data to predict a transition for Ne/Li between 42 and 43.5 K.
As for Mg, a wetting transition was found near Ty, = 28 K. This latter prediction has
not yet been tested experimentally.

6 Wetting Transitions on Other Surfaces

In this section, we address briefly the nature of wetting transitions on surfaces other
than alkali and alkaline earth metals. We mention four quite different examples to
demonstrate the generality of the phenomenon. While all but one of these has been
explored experimentally, to some extent, none is understood theoretically. In addition
to these four, many other systems are predicted to show similar transitions, so there
remains much experimental and theoretical work to be done.
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The first of these to be discussed is actually the first system proposed by Ebner and
Saam [5] a likely candidate to exhibit a wetting transition: Ar on CO». This case was
subsequently found, in experiments of Mistura et al., not to manifest this transition,
but instead to exhibit triple point wetting [101]. The situation was explained [102]
in terms of a more realistic interaction model than was originally used by Ebner and
Saam [5]. However, a closely related system, Ne/CO;, was predicted by the same
theoretical approach to have such a wetting transition, some 5 K below the critical
point of Ne [94]. Unfortunately, subsequent experiments of Bruschi et al. did not
confirm this prediction, instead showing triple point wetting of Ne on CO, [103].
Thus, it must be said that we do not adequately understand this class of adsorption
system.

The second system to be discussed was mentioned in the introduction; wetting
transitions have been seen in the adsorption of Hg remarkably close to svp, near its
bulk critical point (T & 1,750 K, P, ~ 170 MPa). As evidenced by this temperature
scale, these are completely different systems from the inert gases on alkali metals!
Figure 2 shows the phase diagram for this transition on sapphire. While the Hg-Hg
interaction is relatively well understood at more moderate temperatures [104], the
problem becomes quite complex in this region of the phase diagram because the
metal-nonmetal transition occurs quite close to the critical point, so that use of a
simple interatomic potential model is questionable there. The data in Fig. 2 were ob-
tained from anomalies in the optical reflectivity. Similar wetting transition behavior
has been observed for Hg on Mo and Nb, using acoustical methods, by Kozhevnikov
et al. [21, 27]. Intriguingly, perhaps, the prewetting critical point for Hg/Mo occurs
at a higher temperature than the bulk critical temperature. This possibility may be
a surprise for those experienced with nearest-neighbor Ising models, for which 2D
critical temperatures are lower then 3D values because of the smaller coordination
number in 2D. However, there is no fundamental reason why a similar difference
(T¢3p > Top) between these temperatures should be expected for the wetting tran-
sition [105].

The third system we mention is water/graphite. The contact angle at room tem-
perature for this system is large, measured variously to be somewhere between 42
and 86 degrees [106—108]. This ambiguity renders uncertain tests of the gas-surface
interaction; furthermore, theoretical calculations of the potential yield quite varied re-
sults [109—113]. The prediction of a water/graphite wetting transition has been made
in two papers, but no complete test of this prediction has yet been made [114, 115].
Figure 11 shows simulation results of Zhao, below and above the transition tempera-
ture, which he estimates to be T, =475 to 480 K. He also identified the prewetting
critical point, for which the critical temperature is determined to be 505 to 510 K.
These predictions are quite sensitive to the adsorption potential, leaving a question
about the accuracy of the predictions. This deficiency provides additional motivation
for exploring this system in the future, especially because it is so relevant to many
systems of biological importance [116]. Thus far, experiments of Garcia [117] have
found nonwetting behavior for water/graphite up to 420 K, consistent with the pre-
dictions of Zhao et al.

One can construct a “wetting parameter” phase diagram for water analogous to
Figs. 6 to 8, for He, Ne and Hj. Figure 12 presents this diagram, with one difference

@ Springer



130 J Low Temp Phys (2009) 157: 111-136
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Fig. 12 (Color online) Diagram showing wetting criterion for water on various surfaces. Full curve
(dashed curve) presents the threshold well-depth at the triple point (boiling point). Indicated point rep-
resents the interaction parameters used by Zhao in the water/graphite simulations of Fig. 11

from the other figures. The two curves in Fig. 12 for water correspond to wetting
thresholds at the triple point and the boiling point, 100°C, respectively. (These curves
are based on the equations Do parg = 5,350 K-A and 4,510 K-A, respectively.) As can
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be seen, the water/graphite interaction (Do pag & 2,610 K—A) is much too weakly
attractive to result in wetting at either temperature, a finding that is consistent with
the simulation results of Zhao.

The fourth system we describe in this section is Xe adsorption on the “compound
surface”, Cs/graphite, which consists of a monolayer Cs film adsorbed on the surface
of graphite. We note that Xe is expected to not wet the surface of bulk Cs, at least up
to 286 K, close to the critical temperature 289.7 K, according to simulation results
of Curtarolo et al. [118]; the simulations cannot come closer to T because divergent
critical fluctuations are not adequately captured in the simulations, due to use of pe-
riodic boundary conditions. However, the Cs/graphite substrate provides somewhat
greater attraction for Xe than that of semi-infinite Cs, leading to a wetting transition.
Figure 13 presents simulation data for this system at 194 K, showing the characteris-
tic prewetting transition behavior at reduced pressure P* ~ 0.97. This prediction of
T\, which is not far from the Xe triple point temperature (161.4 K), has not yet been
tested experimentally.

7 Summary and Further Remarks

In this paper, we have summarized the status of a number of systems that have un-
dergone wetting transitions or are predicted to exhibit such transitions. Our focus
has been the connection between this phenomenon and the gas-surface interactions
present in each problem. In the case of wetting transitions of simple gases on alkali
metals, the fairly numerous experiments are reasonably consistent with our theoreti-
cal understanding of the potential. However, there are large gaps in this picture from
both experimental and theoretical perspectives. Hence, there are relatively few cases
where one can assess the quantitative adequacy of the potential. This is regrettable
because these unusually weak interactions are of great fundamental interest in the
general problem of van der Waals forces.

It would be of considerable value to expand both the number of experimental
systems and the variety of probes of these systems. Included in our “wish list” for fu-
ture research efforts would be both thermodynamic and dynamical information about

@ Springer



132 J Low Temp Phys (2009) 157: 111-136

these systems, e.g. measurements of contact angle, atomic-scale friction, density fluc-
tuations and film-spreading near the wetting transition. One important issue involves
hysteresis, which is a familiar problem in phase transitions. This was seen in the orig-
inal experiments showing the wetting transition of “He on Cs and remains to be un-
derstood. Almost all of these wetting studies are conducted without using analytical
tools, such as scanning tunneling microscopy, for surface characterization. Hence, it
is difficult to assess the relative roles of heterogeneous and homogeneous nucleation.

On the theoretical side, a missing piece of the puzzle is the relative absence of fully
quantum-mechanical, finite 7', studies of the wetting transition of the helium isotopes
on Rb and Cs. Such studies would be of particular importance for *He, because these
systems represent ideal 2D manifestations of the superfluid transition, without the
complication of the poorly understood “inert layer” problem of the onset of super-
fluidity. While this inert layer is often attributed to heterogeneity, per se, there is an
observed systematic correlation between the coverage threshold for superfluid onset
and the adsorption well-depth, which suggests the importance of intrinsic factors in
determining the “inert layer”. It should be pointed out that the superfluid transition
of “He/Li, for example, is potentially an ideal system because no solid monolayer is
expected to occur [119-122].

One of the most general questions of current interest is the relation between wet-
ting transitions on flat surfaces and capillary condensation within porous media. We
refer the interested reader to a number of recent publications concerning this subject,
including one by Saam in this volume [30, 123, 124].
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