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Adsorption of Xe on single planar walls is investigated in the frame of a density functional theory. The

strength of the adsorbate-substrate attraction is changed by considering surfaces of Cs, Na, Li, and Mg.

The behavior is analyzed by varying the temperature T (between the triple point Tt and the critical Tc)

and the coverage G‘ . The obtained adsorption isotherms exhibit a variety of wetting situations. Density

profiles are reported. It is shown that for strongly attractive surfaces the adsorbed liquid becomes very

dense reaching densities characteristic of solids.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Since several decades the study of adsorption of fluids on solid
walls is a topic of considerable interest. An entire volume devoted
to reviews and discussions of specific theoretical as well as
experimental investigations on this subject was recently pub-
lished [1]. From that set of articles arises that properties of
systems involving fluids at interfaces are not only interesting
from the fundamental physics point of view, but have also
numerous technological applications. Main features of adsorption
are primarily determined by the ratio of the strength of the
surface–fluid attraction, Wsf, and the well depth of the fluid–fluid
interaction, eff . In the present work, we describe how the first
layer of a given fluid adsorbed on a single wall evolves from a
standard liquid density to a very dense matter when Er ¼Wsf =eff

is increased.
The calculations have been carried out in the frame of the

density functional (DF) formalism recently applied for studying
physisorption of Ne and Ar [2–4]. In such a theory the Helmholtz
free energy FDF of a fluid embedded in an external potential Usf ðrÞ
is expressed as a functional of rðrÞ

FDF½rðrÞ� ¼ nidkBT
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The first term is the ideal gas free energy, where kB is the
Boltzmann constant, L the thermal de Broglie wavelength, and
nid a free parameter introduced in Eq. (2) of Ref. [5] (in the
standard theory it is equal to unity). The second term is the
repulsive f–f interaction approximated by a hard-sphere (HS)
functional taken from Kierlik and Rosinberg (KR) [6], where dHS is
the HS diameter. The third term is the attractive f–f interaction
treated in a mean field approximation (MFA), which is written in
terms of a recently proposed [2] version of the separation of the
Lennard–Jones (LJ) potential originally introduced by Weeks,
Chandler, and Andersen (WCA) [7]: FWCA

attr ðr¼ 9r�r09Þ ¼�~e ff for
rrrm and FWCA

attr ðrÞ ¼ 4~e ff ½ð ~sff =rÞ12
�ð ~sff =rÞ6� for r4rm, where

rm ¼ 21=6 ~sff is the position of the LJ minimum. The well depth
~eff and interaction size ~sff are considered as free parameters
because the use of its standard bare values eXeXe=kB ¼ 221 K and
sXeXe ¼ 0:41 nm (see, e.g., Refs. [8,9]) overestimates the experi-
mental result for the critical temperature Tc. We set dHS ¼ ~sff .

The three adjustable parameters (namely, nid, ~eff , and ~sff ) were
determined by imposing that on the liquid–vapor (l–v) coex-
istence curve of Xe at a fixed T (between the triple point
Tt ¼ 161:3 K and the critical Tc ¼ 289:74 K) the data of rlðTÞ,
rvðTÞ, and P0ðTÞ ¼ PðrlÞ ¼ PðrvÞ listed in Table XXIII of Ref. [10]
be reproduced and the condition mðrlÞ ¼ mðrvÞ ¼ m0ðTÞ be satisfied.

The equilibrium rðzÞ and m are obtained from Euler–Lagrange
(EL) equations derived by minimizing the free energy with respect
to density variation at a fixed number of particles N per unit area
of the wall A defined as Ns ¼N=A¼

R L
0 rðzÞ dz. Here L is the size of

the box adopted for solving the E–L equations. Dimensionless
variables zn ¼ z= ~sff and Ln

¼ L= ~sff for distances, and Nn

s ¼N ~s2
ff =A

for areal density are used.
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Before entering into the analysis of physisorption, we evalu-
ated the surface tension of the free liquid–vapor interface, glv, by
setting Usf ðzÞ ¼ 0 and following the procedure outlined in pre-
vious works [2–4]. Our results agree very well (in a similar way as
for Ne and Ar in the latter references) with experimental data [11]
over the entire temperature range Tt rTrTc.
2. Analysis of the adsorption

For the analysis of physisorption we adopted in all the cases
the ab initio potentials of Chismeshya, Cole, and Zaremba (CCZ),
i.e. we set Usf ðzÞ ¼UCCZðzÞ given by Eq. (3) in Ref. [12] with the
potential parameters listed in Table 1 therein (see also the
expression in Ref. [9]). In the present work, we report results
for adsorption of Xe on surfaces of Cs, Na, Li, and Mg. The
corresponding CCZ potentials are plotted in Fig. 1. This set of
substrates with er ¼WsXe=eXeXe ¼ 1:5, 2.1, 2.8, and 5.4, respec-
tively, sweeps different wetting scenarios. The EL equations are
solved in a box of size Ln

¼ 40. Adsorption isotherms at fixed
temperatures, i.e. Dm¼ m�m0ðTÞ, were calculated as a function of
the excess surface density (coverage), often expressed in nominal
layers ‘ as G‘ ¼ ð1=r

2=3
l Þ

R L
0 dz½rðzÞ�rB�, where rB is the asymptotic

bulk vapor density and rl the liquid density at saturation for a
given temperature.

Fig. 2 shows adsorption isotherms for Xe/Cs close to the
wetting temperature Tw. One may observe that at T¼270 K the
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Fig. 1. Comparison of CCZ adsorption potentials for Xe taken from Ref. [12]. Data

are normalized to eXeXe and identified for each substrate.
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Fig. 2. Adsorption isotherms for the Xe/Cs system evaluated at T¼267 K

(diamond), 268 K (square), 269 K (up-triangle), and 270 K (circle).
difference Dm increases monotonically, while at lower T there are
oscillations. At T¼269 and 268 K an equal area Maxwell con-
struction is feasible, but at T¼267 K the data do not allow such a
construction. A Maxwell construction determines a jump in
coverage DG‘ ¼G‘,max�G‘,min at DmpwðTÞ, which is characteristic
of the prewetting (PW) phenomenon. At Tw the jump is infinite
and its size diminishes for increasing T until its disappearance at
the critical PW (CPW) temperature Tcpw. Above G‘,max the film
grows continuously without any further jump in coverage. The
temperature dependence of DmpwðTÞ is shown in Fig. 3. This
quantity approaches tangentially zero at Tw. From thermody-
namic arguments [13] the tangency may be described by the form
DmpwðTÞ ¼ mpwðTÞ�m0ðTÞ ¼ apwðT�TwÞ

3=2. Here apw is a model para-
meter and the exponent 3/2 is fixed by the asymptotic form
� 1=z3 of Usf(z). In practice, this expression is used to fit data of
DmpwðTÞ for determining Tw. The Xe/Cs system undergoes to a
weak first-order transition at Tw¼267.5 K with
apw=kB ¼�0:18 K�1=2. The CPW point at Tcpwt270 K. So, the
present DF results indicate that Xe wets Cs. This conclusion is in
contradiction with that obtained by Curtarolo et al. [9] from
Grand Canonical Monte Carlo (GCMC) simulations. We shall
comment this fact below.

Fig. 4 shows the adsorption isotherms for Xe/Na at tempera-
tures above Tw. The PW line is included in Fig. 3. This kind of PW
behavior corresponds to the case depicted in panel (b) of Fig. 1 in
Ref. [13] and has been measured in several systems [1]. In the
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Fig. 3. Prewetting lines for Xe adsorbed on Cs (circles), Na (up-triangles),

Li (squares), and Mg (diamonds). Data are delimited by Tt an Tc.
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Fig. 4. Same as Fig. 2 but for Xe/Na at T¼241 K (star), 242 K (down-triangle),

243 K (diamond), 244 K (square), 245 K (up-triangle), and 246 K (circle).
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Fig. 7. Density profiles of Xe adsorbed on a single wall of Cs at T¼270 K for

increasing coverages from G‘ ¼ 1:221 to 11.099. Quantities rl and rv are the liquid
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case of Xe/Na we obtained Tw¼240.8 K and apw=kB ¼�0:10 K�1=2.
In addition, Fig. 4 fixes an upper limit for the CPW point at
Tcpwt246 K.

Adsorption isotherms for the Xe/Li system are displayed in
Fig. 5. In this case, equal area Maxwell constructions yield multi-
ple jumps in coverage at a fixed T. In turn, this feature leads to the
series of PW lines (Cpw1, Cpw2, Cpw3, and Cpw4) plotted in Fig. 3,
where one may observe that for decreasing temperature all of
them coalesce into one curve. This behavior corresponds to that of
panel (d) in Fig. 1 of Ref. [13]. The tangential fit of the line of
coalescence yielded Tw¼198.0 K and apw=kB ¼�0:11 K�1=2. The
present Tw almost coincides with Tw¼201 K predicted by a rather
crude simple model, see Table 1 in Ref. [12], but is lower than the
value Tw¼225 K quoted in Table I of [8] obtained from GCMC
calculations.

It is hard to explain the qualitative difference between the
present DF and the GCMC calculations of Ref. [8], because usually
the GCMC results are taken as reference values. In this context, it
becomes important to notice the failure of these GCMC simula-
tions in reproducing the measured wetting of Rb by Ne [14] (see
Table I in Ref. [8]), while our calculations [2] agree with that
experimental result (see also discussions in Refs. [4,18]).

Adsorption isotherms calculated for Xe/Mg at T ¼ Tt ,
Tnb ¼ 165:03 K (normal boiling temperature), 171 K, 176 K, and
182 K are displayed in Fig. 6. These data do not exhibit a
‘‘standard’’ PW pattern because Mg is significantly more attractive
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Fig. 5. Same as Fig. 2 but for Xe/Li at temperatures from T¼199 K (up-triangle) to

209 K (circle), with a step DT ¼ 1 K.
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Fig. 6. Same as Fig. 2 but for Xe/Mg at temperatures from T ¼ Tt (up-triangle) to

182 K (circle).
than the alkali metals. A layer-by-layer film growth for TZTt may
be observed. The phase diagram for the 3th ðCw3Þ, 4th (Cw4), and
5th (Cw5) layer is shown in Fig. 3 (the scale of this drawing unable
us to plot results for the first two layers), this behavior is similar
to that depicted in Fig. 16(a) of Ref. [15] for strong substrates.
temperature.
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Fig. 8. Same as Fig. 7 for Xe/Na at T¼246 K for G‘ from 0.873 to 8.844.

0 5 10 15 20
0

5

10

15

20

25

30

35

z*

ρ 
[n

m
−3

]

↑
ρl

↓
ρv

Xe/Li                 T=209 K 

Fig. 9. Same as Fig. 7 for Xe/Li at T¼209 K for G‘ ¼ 0:556 and 11.874.
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Figs. 7–9 show the continuous growth of adsorbed Xe on
substrates of Cs, Na, and Li at temperatures just above the
corresponding Tcpw, and Fig. 10 shows the same feature for Mg
at Tnb. In all the cases, after a layered regime the liquid profile
stabilizes at the equilibrium bulk liquid density, rl, at the given T.
Next, the density falls off reaching the equilibrium bulk vapor
density, rv. In addition, one may observe that ratio of the first
layer’s peak r1�peak over rl increases for increasing er . For Mg one
gets r1�peak=rl � 5, which is only slightly larger than the ratio
found for the deposition of Xe on surfaces of Al, see Fig. 2C in
Ref. [19]. The density of the latter ‘‘rather’’ two-dimensionally
confined liquids is much larger than that of the compressed solid
Xe, rsC20 nm�3 [10]. On the other hand, the density at the first
valley of these structures is sizable smaller than rl.
3. Summary

The adsorption of Xe on structureless planar substrates of Cs,
Na, Li, and Mg, with increasing values of Erð ¼Wsf =eff Þ exhibits a
rich variety of wetting scenarios. For the present DF calculations
we used realistic f–f and s–f interactions. Properties of the
obtained adsorption isotherms and density profiles indicate a
route for getting very dense first layers. The evolution from
‘‘normal’’ liquid first layers toward ‘‘highly’’ compressed ones is
illustrated by the sequence of Figs. 7–10. This behavior may be
correlated with the features shown in Fig. 3, where the informa-
tion contained in the series of adsorption isotherms is summar-
ized. In order to get a better insight of the nature of these
structures, we are planning to apply DF devised for describing
the adsorption of solid structures. A pioneering attempt to
formulate a DF for solid has been reported by Tarazona [16] and
a review has been recently published by Roth [17].
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