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A B S T R A C T

In this study, we reexamined the wetting behavior of Ne adsorbed on a solid Mg surface. In a recent study, Zhou
and Zhang (J. Phys. Chem. Solids, 2017, 103, 123) reported an investigation of this system. They proposed an
adsorption potential, ϕ z( )ext , and studied this system based on augmented density functional theory (DFT) to
determine the wetting temperature Tw and critical prewetting temperature Tcpw. The value obtained for Tcpw
differed greatly from that produced by Grand Canonical Monte Carlo simulations (Phys. Rev. E, 1999, 59, 864)
and previous DFT calculations (Phys. Rev. E, 2009, 79, 011603). In the present study, we calculated the ad-
sorption isotherms with the Kierlik–Rosinberg DFT for two different external potentials, i.e., the aforementioned
ϕ z( )ext and the proposed ab initio Chizmeshya–Cole–Zaremba (CCZ) potential. This study had two main aims.
First, we aimed to identify the main sources of the discrepancies between the results obtained by Zhou and
Zhang and those produced in other studies. Second, we analyzed the new data computed with the CCZ potential
by applying the so-called arc-length continuation method. The new results supported the old ones, yielding more
accurate values for both characteristic temperatures and indicating interesting new features of the system. We
developed a novel alternative procedure for determining an appropriate value of Tcpw for moderately strong
adsorbers. Assuming that Ne is liquid in the range of ≤ <T T Tw t , then the DFT calculations were extended into
this region. We showed that close to Tt and after the prewetting jump, the growth of the films exhibited a
sequence of layering transitions, which originated coalescent prewetting lines.

1. Introduction

Studying the physisorption of fluids on solid walls has attracted
considerable interest over recent decades [1,2]. In the presence of solid
substrates, fluids develop interfaces that exhibit a variety of features
such as drying, critical wetting, prewetting (PW), wetting, layer for-
mation, spreading, and filling. A volume containing reviews and dis-
cussions of theoretical and experimental investigations of this subject
was published recently [3]. The most recent reports include those by
Refs. [4,5]. Understanding the phase behavior of this type of system is
fundamental for testing theoretical microscopic models and for devising
practical applications in domains ranging from oil recovery to biology.

In this study, we consider a system where a liquid phase (l) is ad-
sorbed on solid substrates (s) in the presence of a vapor atmosphere (v).
Both fluid phases, i.e., the bulk liquid l and vapor v, coexist at tem-
perature T when the chemical potential μ and the pressure P equal the
corresponding saturation values μ T( )0 and P T( )0 , respectively. The
latter quantities define −l v coexistence lines in the −μ T and −P T

planes for temperatures that range from the triple point Tt to the critical
pointTc. It is usually assumed that in the case of planar symmetry where
flat inert walls exhibit an infinite extent in the x and y directions, the
potential for the solid–fluid interaction U z( )sf is a function of the dis-
tance perpendicular to the surface, z, and the density profile of the
adsorbed fluid depends only on this coordinate, i.e., =ρ ρ zr( ) ( ).

A systematic classification of the adsorption on attractive planar
surfaces was performed by Pandit, Schick, and Wortis [6]. The behavior
of these systems depends on the strength of the fluid–fluid (f-f) attrac-
tion, εff , the well depth of the substrate–fluid (s-f) interaction,Wsf , the
range of interactions, the temperature, T, and the chemical potential, μ.
However, for long range adsorption potentials, the wetting properties
are mainly determined by the ratio of the well depths W=ε ε/r sf ff [6–9].
Given a value of εr , the results can be summarized as a phase diagram in
the (T μ, ) plane. For moderate substrates (i.e., when εr is slightly bigger
than one), there is a first-order wetting transition at the point [T μ,w w]
between the triple point temperature, Tt , and the critical point tem-
perature, Tc. In this case Tw is characterized by the appearance of
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coexisting microscopically thin and macroscopically thick adsorbed
fluid films, whereas for <T Tw, the coverage of the adsorbed films is
finite (incomplete wetting). Under these conditions, for ≥T Tw, there is
an associated prewetting (PW) line, which extends away from [T μ,w w]
into the region of pressures below the corresponding bulk saturation
value P T( )0 . The locus of this line in the plane (T μ, ) is determined by

= +μ T μ T μ T( ) ( ) Δ ( )pw pw0 . A schematic phase diagram is depicted in
Fig. 3 of [6], which show that the line of the transitions terminates at a
surface critical prewetting (CPW) point [T μ,cpw cpw]. The pioneering
density functional theory (DFT) calculation of this phenomenon was
reported by Ebner and Saam [10] in the case of Ar adsorbed on a CO2

substrate. A PW transition is marked by a jump in the excess surface
density (coverage), which is often expressed in nominal layers ℓ as

∫= −
∞

ρ T
dz ρ z ρΓ 1

[ ( )]
[ ( ) ] ,

l
Bℓ 2/3 0 (1)

where ρ z( ) is the density profile, = = ∞ρ ρ z( )B is the asymptotic bulk
density, which is usually the vapor at saturation ρ T( )v , and ρ T( )l is the
liquid density at bulk coexistence. The discontinuity in Γℓ vanishes at
Tcpw, where the coexisting thin and thick films become identical. For

>T Tcpw, the adsorbed stable film grows continuously with increasing
coverage. When the strength of attractive substrates is increased, the
phase diagram contains several coalescent PW lines, as shown in Fig. 9.
In the case of very strong substrates, the coverage increases from zero
either continuously or in monolayer steps. In the latter case, each step is
a first-order phase transition and each terminates in a critical point.

First-order surface phase transitions have been measured ex-
tensively for 4He adsorbed on alkali-metal substrates (a survey of pre-
vious studies was given by Ref. [11]). The PW transitions of H2 films on
Rb and Cs have also been observed [12–14].

Recently, Zhou and Zhang [15] reported a study of the adsorption of
Ne on a planar surface of the alkaline-earth metal Mg. The ratio εr for
this system is about 3, as shown in Table 1, thereby indicating a
moderately strong substrate. Hence, we may expect that Tw will be close
to =T 24.55t K for Ne. No experimental results are available for Ne/Mg,
so it would be interesting to produce reliable theoretical predictions of
its wetting properties. For the calculations performed by Ref. [15], an
adsorption potential =U z ϕ z( ) ( )sf ext was used in the framework of the
augmented DFT devised by Zhou [16]. They reported a series of ad-
sorption isotherms, which were used to determine =T 23.82w K, where
this is slightly lower thanTt , and =T 25.09cpw K. Both results are listed in
Table 1. Zhou and Zhang [15] compared their findings with the results

obtained by Bojan et al. and Curtarolo et al. [8,17] based on Grand
Canonical Monte Carlo (GCMC) simulations for a S10-4 adsorption
potential, i.e., = −U z U z( ) ( )sf S10 4 , which are also shown in Table 1. The
results determined for Tw by Zhou and Zhang [15] and Bojan et al.
[8,17] are consistent, but that for Tcpw is quite different, thereby sug-
gesting that the corresponding adsorption isotherms as a function of T
should also be different. However, Zhou and Zhang overlooked a study
by Sartarelli et al. [9] who analyzed the Ne/Mg system by applying DFT
combined with an ab initio potential developed by Chizmeshya, Cole,
and Zaremba (CCZ) [18], i.e., =U z U z( ) ( )sf CCZ . Importantly, the GCMC
simulations [8,17] and DFT calculations reported by Sartarelli et al. [9]
provide compatible values for bothTw andTcpw, as shown in Table 1. The
latter temperature is an important feature of wetting properties [10], so
the aim of the present study was to revisit this system in order to clarify
the situation.

The remainder of this paper is organized as follows. The formalism
of a DFT for classical fluids is summarized in Section II, where we also
compare the adsorption potentials for the Ne/Mg system. The wetting
behavior results are described and discussed in Section III. Finally, we
give our concluding remarks in Section IV.

2. Theoretical formalism

First, we outline the main features of DFT and, second, the ad-
sorption potentials used in the previous studies by Refs. [8,9,15,17] are
given.

2.1. DFT

The DFT is based on the existence of a grand canonical functional
T μ ρ rΩ( , , [ ( )]) of the one-particle density ρ r( ), which depends para-

metrically on the two thermodynamic variables T and μ [19]

�∫
∫

= − +

+ −

T μ ρ ν k T d ρ ρ T ρ

d ρ U μ

r r r r r

r r r

Ω( , , [ ( )]) ( ) {ln[Λ ( )] 1} ( , [ ( )])

( ) [ ( ) ].

B

sf

id
3

DF

(2)

The first term is the ideal gas free energy, where kB is the Boltzmann
constant and Λ is the de Broglie thermal wavelength. The factor νid is a
free empirical parameter introduced by Ref. [20] to account for some
quantum effects present in a Ne fluid as mentioned by Ref. [21] (in
practice, it deviates slightly from unity, which corresponds to an ideal
gas). The second term, �DF, is the density functional for the excess

Table 1
Wetting properties of Ne adsorbed on Mg. TheW ε/sf ff ratio, wetting Tw, and prewetting critical Tcpw temperatures are shown.

W
=εr

MgNe
εNeNe

Usf Tw a k/pw B Tcpw −T Tcpw w Ref.

[K] [K−1/2] [K] [K]
2.79 UCCZ 26 SM [18]
2.99a UCCZ 24 SM CWb

3.10 ϕext 30 SM CW
2.77 −US10 4 22±1 30.6c 8.6 GCMC [8,17]
2.79 UCCZ 20.5 − 0.26 30c 9.5 DFT [9]
3.10 ϕext 23.82 25.09 1.3 DFT [15]
2.99a UCCZ ±20.8 0.4d − ±0.28 0.03d ±29.23 0.03 8.4 DFT CW

UCCZ ±21.0 0.1e − ±0.31 0.01e ±29.23 0.03 8.2 DFT CW

a This value corresponds to = =ε T T( ) 31.66NeNe t K.
b CW denotes the current work.
c These values are the upper limit for critical prewetting temperature.
d Data for ≥T Tt were fitted.
e Data for ≥T 22 K were fitted.
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Helmholtz free energy for the f–f interaction. The third term comprises
the contribution due to the external adsorption potential and the che-
mical potential at equilibrium.

The quantity �DF is usually decomposed into one reference term,
�ref , and one perturbation term, �per (see Ref. [19])

The reference term is repulsive and it is approximated by a hard-
sphere (HS) fundamental measure theory (FMT) functional described
by Kierlik and Rosinberg (KR) [22], which has proved very successful
even in highly inhomogeneous situations. The KR version is completely
equivalent to the original FMT formulated by Rosenfeld [23]. dHS is the
HS diameter. The perturbation contribution − ′r rΦ ( )per is currently
assumed as the mean-field approximation (MFA) of the attractive part
of the f–f interaction given by the spherically symmetric Lennard-Jones
(LJ) 12–6 potential as introduced by Weeks, Chandler, and Andersen
(WCA) [24].

=
⎧

⎨
⎩

− ≤

⎡
⎣

− ⎤
⎦

>( ) ( )r
ε r r

ε r r
Φ ( )

,

4 ,

͠

͠

ff min

ff
σ
r

σ
r min

per
WCA 12 6͠ ͠ff ff

(4)

where = −r r r' and =r σ2 ͠min ff
1/6 is the position of the LJ minimum. It

should be noted that in several older studies (e.g. [20,25]), the function
rΦ ( )per was approximated by the method proposed by Bruno et al. given

as Eq. (17) in Ref. [26]. However, as shown by Sartarelli et al. [9], this
approach produces diverging unphysical oscillations in the density
profiles for temperatures close to Tt . The strength and size parameters,
ε͠ff and σ͠ff , are assumed to be functions of T, as suggested previously by
Refs. [20,25].

Since μ is constant along the entire adsorbed fluid, so for a planar
symmetry, the last integral in Eq. (2) gives

∫ ∫= =
∞

d ρ μ μ A dzρ z μ Nr r( ) ( ) ,
0 (5)

where A is the surface area of the substrate and N is the number of
adsorbed particles. Then, the excess of adsorbed atoms per unit area
may be evaluated with

∫= −
∞N

A
dz ρ z ρ[ ( ) ].exc

B0 (6)

In fact, the coverage defined in Eq. (1) is a dimensionless version of
this quantity.

Different improvements have been proposed for the DFT over time
for both contributions, i.e., the reference repulsive term and the at-
tractive term (e.g., see comments by Hansen-Goos [27]). Thus, in the
FMT functional of HS, a tensorial correction was introduced by Tar-
azona [28] to avoid free energy divergences when ρ r( ) becomes highly
peaked, where it correctly describes both the HS crystal and the fluid in
extreme confinement. In the case of the system examined in the present
study with ≈ε 3r , the density ρ r( ) does not exhibit very pronounced
peaks, and thus the tensorial term is not necessary. Pronounced peaks
are typical of stronger substrates, e.g. they are found for Ne/Gr, which
corresponds to ≈ε 9r (see Table V in Ref. [21]). In addition, mod-
ifications were proposed for the perturbative contribution term based
on changes to the MFA of the attractive part of the f–f interaction. For
instance, in order to obtain accurate bulk properties for the LJ fluid,
Peng and Yu [29] introduced a perturbative MFA-attractive term in
their DFT based on the modified Benedict–Webb–Rubin equation of

state given by Johnson et al. [30]. In this DFT, the attractive con-
tribution to the excess free energy per particle contains 14 coefficients,
which are functions of T (these coefficients contain 32 adjustable linear
parameters, which are listed in Table 10 of the study by Johnson et al.
cited above). In the present study, instead of using a MFA-attractive

term based on an equation of state with many free coefficients, the
strength and size parameters, ε͠ff and σ͠ff , of the LJ potential are fitted. It
should be noted that the temperature dependence of ε T( ) and σ T( ) was
assumed in many previous studies that dealt with thermophysical
properties (e.g., see Refs. [31–33] and the citations therein). It has been
shown that the current semi-empirical density functional for Ne/Mg
captures the relevant properties of the bulk Ne and liquid–vapor in-
terface [9] with sufficient accuracy.

2.2. Adsorption potentials

Next, we describe the physisorption potentials utilized in previous
studies [8,9,15,17]. As mentioned above, the adsorption potential
ϕ z( )ext employed by Zhou and Zhang was constructed ad hoc. According
to the description provided by Ref. [15], the values of the potential
between a Ne atom and Mg surface calculated by quantum DFT were
fitted into ϕ z( )ext generated from a truncated and shifted (at =z zcs)
ϕ z( )fitting comprising a repulsive inverse power law and an attractive
Yukawa potential:

= ⎧
⎨⎩

− ≤
>

ϕ z
ϕ z ϕ z z z

z z
( )

( ) ( ) ,
0 , .ext

fitting fitting cs cs

cs (7)

= ⎛
⎝

⎞
⎠

+ −−
− −ϕ z ε

σ
z

ε κ z σ z σ( ) 4 exp[ ( / )]/( / ) .fitting inv
Mg Ne

Yuk Mg Ne Mg Ne
(8)

The values of the four fitting parameters were =ε k/ 112.7inv B K,
=−σ 0.2652Mg Ne nm, =n 3.1341, and = −ε k/ 544.0Yuk B K, and the

truncating distance for ϕ z( )fitting was set as =z 0.7967cs nm. This po-
tential was shown in Fig. 1 given by Ref. [15], where it was compared
with U z( )CCZ . The latter potential was only utilized in the study
reported by Ref. [9], so it is convenient to write its expression as

Fig. 1. Comparison of the adsorption potentials for the Ne/Mg system. The solid,
dashed, and dash-dotted curves correspond to theUCCZ , ϕext, and −US10 4 potentials,
respectively. zcs indicates the truncating distance for ϕ z( )ext (see text).

� � � ∫ ∬= + = ⎤
⎦⎥

+ ′ ′ − ′T ρ T ρ T ρ d ρ f ρ d d d ρ ρr r r r r r r r r r r r( , [ ( )]) ( , [ ( )]) ( , [ ( )]) ( ) Δ [ ( ); 1
2

( ) ( )Φ ( ).ref perDF HS HS per
(3)
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given by Ref. [18]:

= + − − −
−

−U z V αz e f z z β z z C
z z

( ) (1 ) [( ) ( )]
( )

,CCZ
αz

vdW vdW
vdW

vdW
0 3

(9)

where

⎜ ⎟= − ⎛
⎝

+ + ⎞
⎠

−f ξ e ξ
ξ

( ) 1 1
2

,ξ
2

(10)

and

=
+

β ζ
α ζ

αζ
( )

(1 )
.

2

(11)

The first term in Eq. (9) is the Hartree–Fock repulsive energy and
the second term is the attractive van der Waals (vdW) contribution to
the interaction. CvdW and zvdW are the strength and position of the vdW
potential, respectively. The dumping function f ξ( ) accounts for the
atom-substrate wave function overlap and the function β ζ( ) overcomes
the unphysical divergence at =z zvdW [18,34]. For ≫z zvdW this at-
tractive contribution leads to the term − C z/3

3 of the well known 9–3
potential introduced by Ricca [35]. The parameters corresponding to
the Ne/Mg system =V 1.7740 eV, =α 1.347 −a0

1 (with =a 0.05290 nm),
=C 2.130vdW eV-a0

3, and =z 0.624vdW a0 were taken from Table 1 given

by Ref. [18]. The ϕext and UCCZ potentials are shown in Fig. 1.
In addition, the potential −U z( )S10 4 utilized in the GCMC simulations

represents the LJ interaction of adsorbate atoms in the solid, that are
located on successive planes parallel to the surface [36]. If the inter-
planar spacing is d, then the potential as a function of the perpendicular
distance of a fluid atom from the surface z can be written as

∑ ⎜ ⎟ ⎜ ⎟= ⎡

⎣
⎢

⎛
⎝ +

⎞
⎠

− ⎛
⎝ +

⎞
⎠

⎤

⎦
⎥−

=

U z ε
σ

z jd
σ

z jd
( )

3 2
3

5
3S s

j

gs gs
10 4 1

0

10 4

(12)

where small corrections for the interactions between adsorbate atoms
and the more distant planes ( >j 3) are neglected. ε s1 is the strength of
the interaction and σgs is the size parameter for the potential. Bojan
et al. [17] used values of =d 0.401 nm and =σ 0.501gs nm. Under these
conditions, the relationship between the well depth, Wsf , for the in-
teraction of an atom with the entire surface and ε s1 , isW ≈ ε1.2sf s1 . A
value ofW =k/ 95sf B K was assumed for the Ne/Mg system. This −US10 4

potential is also plotted in Fig. 1, which shows that it exhibits a tail
similar to that of U z( )CCZ .

3. Analysis of wetting properties

After outlining the main features of the DFT and the three adsorp-
tion potentials for Ne/Mg, before discussing results for wetting

Fig. 2. (a) The three-peak density profile of a film corresponding to =N A/ 30exc atoms/nm2 at = =T T 24.55t K, calculated in the present study with the ϕ z( )ext
potential. The dashed and solid curves are the ϕ z( )ext and U z( )CCZ potentials, respectively. The positions of the minima coincide for both potentials because UCCZ was
shifted. (b) Adsorption isotherms for the Ne/Mg system at =T Tt calculated using the DFT given by Ref. [9]. The solid and dashed curves were evaluated with the
U z( )CCZ and ϕ z( )ext potentials, respectively. Horizontal lines indicate coverage jumps, where that denoted by C0 contributes to the main PW line, and the meanings of
C1, C2, …, C6 are given in the text.

Fig. 3. (a) Adsorption isotherms μ TΔ ( )pw for the Ne/Mg system obtained with the ϕ z( )ext potential. From bottom to top the results correspond to temperatures of
=T 43,41,39,37,35,33,30,28,26, and 24.55 K. (b) Enlarged image of the adsorption isotherms at temperatures of =T 43,41,39, and 37 K.
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properties, we note the differences between the assumptions made in
the calculations conducted by Refs. [15] and [9]. As the reference term
of the Helmholtz free energy, Zhou and Zhang [15] utilized a formalism
developed by one of them [16], which is a version of the KR FMT [22]
augmented by introducing the Mansoori–Carnahan–Starling–Leland
(MCSL) [37] bulk equation of state. The original KR FMT was utilized
for the calculations reported by Ref. [9]. This original formalism cor-
responds to the Carnahan–Starling (CS) [38] bulk equation of state. In
practice, the MCSL bulk equation of state is more suitable for studying
binary mixtures, but in the case of a one-component HS fluid, the dif-
ference due to the CS approach is negligible, as shown in Fig. 3 given by
Ref. [39]. The same MFA given by Eq. (4) was used for the perturbation
term by both [15] and [9]. The differences are that the calculations
performed by Zhou and Zhang used the same values for −εNe Ne and

−σNe Ne at all temperatures and the LJ potential was truncated at −σ4 Ne Ne,
whereas in our calculations, we assumed that the LJ parameters are
functions of T and the LJ potential is not truncated. In our DFT, the
effective strength and size parameters, −ε T( )͠Ne Ne and −σ T( )͠ Ne Ne , as well
as νid were fitted to data from the liquid–vapor coexistence curve shown
in Table III given by Ref. [40].

For the ϕ z( )ext and U z( )CCZ adsorption potentials, Zhou and Zhang
stated that have very similar attractive well shapes, except that ϕ z( )ext is
slightly deeper than U z( )CCZ and the equilibrium distances are also
slightly different, i.e., =z 0.268min nm and =z 0.307min nm, respec-
tively. Based on these features, they claimed that “these differences
should certainly not affect the predictions of the wetting properties.”
However, there is an additional very important difference because
ϕ z( )ext finishes suddenly in a short range at =z 0.7967cs nm, whereas
U z( )CCZ exhibits a long range tail that is proportional to − z1/ 3.
Undoubtedly, the range of the adsorption potential affects the en-
ergetics of the adsorbed film. In addition, although the −U z( )S10 4 po-
tential has its minimum at =z 0.497min nm, i.e., it is shifted by about
0.2 nm with respect to the other two, its curve shape is similar to that of
U z( )CCZ and it has the same depth. In fact, these U z( )CCZ and −U z( )S10 4
potentials are very similar to those for the Ne/Li system shown in Fig. 3
given by Ref. [9].

As mentioned in the introduction, Zhou and Zhang [15] determined
the wetting and CPW temperatures listed in Table 1 as =T 23.82w K and

=T 25.09cpw K, respectively. This value of Tw is slightly lower than the
triple point temperature of Ne and it is similar to that obtained in other
studies [8,17] and [9], which are also quoted in Table 1. However,

=T 25.09cpw K yields a difference of − =T T 1.3cpw w K, much smaller
than the values of 8.6 and 9.5 K determined by Refs. [17] [8], and [9],
respectively. This suggests that the energetics calculated by Zhou and
Zhang differ from those evaluated in the other two studies. Therefore,
in the remainder of this section, we present a reanalysis of the Ne/Mg
system to identify possible explanations for this discrepancy.

In Fig. 5b of their study [15], Zhou and Zhang showed that ac-
cording to their calculations, ρ z( ) for =N A/ 30.09exc atoms/nm2 cor-
responds to the thicker film at the PW point for =T 24.50 K. This
density profile exhibits three peaks. In order to facilitate the analysis,
the density profile for =N A/ 30exc atoms/nm2 evaluated at Tt using the
procedure describe by Ref. [9] and ϕ z( )ext is shown in Fig. 2a together
with the external potential. If we consider the structures of ρ z( ) and
ϕ z( )ext , it is clear that the first peak is located at the minimum of the
potential. The distance between the peaks should be approximately the
diameter of a Ne atom ≃σ 0.28NeNe nm, so we expect that the third peak
should be located at about 0.56 nm from the minimum. For ϕ z( )ext , the
difference between the truncating distance and the position of the
minimum is − ≃z z 0.53cs min nm. Therefore, the third peak should be at
approximately zcs, as shown in Fig. 2a. Hence, this peak does not
contribute to the negative energy given by the integral ∫ dzρ z ϕ z( ) ( )ext .
Fig. 2a also shows the U z( )CCZ potential, which was shifted so the
minima of both potentials coincided. In the case of the latter potential,
the entire third peak contributes to the integral ∫ dzρ z U z( ) ( )CCZ .
Moreover, the second layer makes a more important contribution when

combined with U z( )CCZ compared with that in the case of ϕ z( )ext . These
facts explain an important difference between the energetics corre-
sponding to both potentials. For instance, Fig. 2b shows the adsorption
isotherms evaluated with the DFT describe by Ref. [9] in the cases of
both potentials ϕ z( )ext andU z( )CCZ . The results only coincide in terms of

≤N A/ 5exc atoms/nm2 for the larger coverages μ kΔ /pw B produced when
the potential ϕ z( )ext remains positive. In the limit of very thick films,

→μ kΔ / 0pw B is obtained for both potentials, although this limit is
reached from below for U z( )CCZ and from above for ϕ z( )ext , thereby
leading to stable and unstable solutions for ρ z( ), respectively. Hence,
according to our calculations, there is no wetting at the triple point
temperature in the latter case.

For ϕ z( )ext , there is no wetting at Tt , so we applied a simple model
(SM) to obtain an estimate of Tw for this potential. In the SM, one
compare the energy cost of forming a thick film (surface tension) with
the benefit due to the fluid-surface attractive interaction and the wet-
ting condition expressed according to Eqs. (1) and (2) given by Ref.
[18], that becomes

∫− − = − ≥
∞

ρ T ρ T dz U z ρ T ρ T I γ T[ ( ) ( )] ( ) [ ( ) ( )] 2 ( ),l v z sf l v u lv
min (13)

where γ T( )lv is the liquid–vapor surface tension at saturation. In fact,
instead of examining the wetting by simply inputting sets of densities
ρ T( )l and ρ T( )v at coexistence and γ T( )lv into Eq. (13) in a similar
manner to a black box, it is convenient to find an expression for Tw.
Thus, the difference in the densities may be written according to the
simple and accurate Guggenheim's form given as Eq. (6.4) by Ref. [41].

− = −ρ T ρ T ρ T T( ) ( ) (7/2) (1 / ) ,l v c c
1/3 (14)

where =ρ 14.43c nm−3 is the bulk density at the critical point =T 44.4c

K, and the liquid–vapor surface tension may be expressed based on the
prediction from the fluctuation theory of critical phenomena (e.g., see
Ref. [42])

= −γ T γ T T( ) (1 / ) ,lv lv c
0 5/4 (15)

where =γ 1135lv
0 K/nm2. Thus, the wetting condition reduces to a

condition for the integral Iu.
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γ T

ρ T ρ T
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( ) ( )

4
7

1u
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l v

lv

c c

0

(16)

Hence, by inverting this relationship, we obtain

⎜ ⎟=
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7
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.w
c u

lv
c0

12/11

(17)

By replacing the result for I U( )u CCZ in this equation, we obtain the
value of =T (SM) 24w K given in Table 1, which is slightly lower than
that given by Ref. [18]. For ϕ z( )ext , we obtain =I 14.5u K⋅nm, so the
wetting temperature becomes =T (SM) 30w K, i.e., several degrees
higher than Tt . Therefore, in order to determine Tw, the adsorption
isotherms for ϕ z( )ext were evaluated over the temperature range from Tt
to Tc.

Fig. 3 shows the adsorption isotherms calculated using the DFT
described by Ref. [9] and the ϕ z( )ext potential. The results correspond to
temperatures of =T 24.55, 26,28,30,33,35,37,39,41, and 43 K. These re-
sults suggest nonwetting because the limiting value =μΔ 0pw is always
reached from above, as found at Tt . This feature is shown clearly in the
sub-plot in Fig. 3b, where finite adsorption can be observed even very
close to Tc.

We recalculated the adsorption isotherms obtained with the DFT
described by Ref. [9] by using theU z( )CCZ potential for temperatures in
the range of =T 24.55, 25 in steps of 1 K–30 K, and obtained the results
shown in Fig. 4a. Clearly, there is a dramatic difference between the
results in Figs. 3a and 4a. In particular, in the latter case, the limiting
value =μΔ 0pw is always reached from below. The PW jumps vs μΓ Δ pwℓ
shown in Fig. 9 given by Ref. [9] were determined using Maxwell
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(equal area) constructions. By contrast, in the present study, the stable
configurations at coverage jumps were determined by applying the so
called arc-length continuation algorithm to trace the connected stable
and metastable branches, which is based on the crossing of

A vs μΩ / Δexc pw lines (Ωexc is the excess of grand potential). This proce-
dure was also utilized by Zhou and Zhang. A detailed description of this
method was given in our previous studies [43,44]. The results for the
excess of the grand potential per unit area as a function of the reduced
chemical potential are shown in Fig. 4b, where the circles depict the
locus of the PW line. Fig. 4a indicates the continuous growth of stable
films at =T 30 K and suggest a coverage jump at =T 29 K, which is not
visible in Fig. 4b due to the scale of the drawing. In order to overcome
this difficulty, the data corresponding to this temperature are plotted on
an enlarged scale in Fig. 5a, where the crossing can be seen. Fig. 5b
shows the energy data at =T 28 K on an enlarged scale, where two
crossings can be observed clearly. Crossing C0 lies on the main PW line
and point B indicates the location of a first-order transition that oc-
curred at small coverages. In fact, both these transitions may be inferred
from the oscillations shown in Fig. 4a.

At lower temperatures, the adsorption isotherms exhibit interesting
fine structures, which were not considered in our previous study [9].
For instance, the data corresponding to =T Tt are plotted in Fig. 6.
Fig. 6a shows that there are several crossing points. The crossing point
denoted by C0 lies on the main PW line, point C1 corresponds to

metastable films with small coverage, and the other Ci points corre-
spond to the grow of thickness in layers, as mentioned in the In-
troduction for rather strongly attractive surfaces. The corresponding
jumps in coverage are indicated by horizontal lines in Fig. 2b. In ad-
dition, the crossing C6 is depicted in Fig. 6b. Similar features were also
exhibited by the data obtained at =T 25 K.

3.1. Further analysis at =T 28 K

The adsorption at =T 28 K was examined in previous studies by
Bojan et al. [17], Sartarelli et al. [9], and Zhou and Zhang [15].
Therefore, we specifically consider the behavior at this temperature.
The adsorption isotherm evaluated in the present study as N A vs P/exc is
shown in Fig. 7. The coverage jumps denoted as C0 and B are those
identified in Fig. 5b. After these jumps, the thickness grows con-
tinuously while the pressure approaches the experimental value from
below at liquid–vapor coexistence = =P T( 28 K) 1.3040 atm. We note
that in the limit of very thick films, the densities of the liquid and vapor
phases should approach their bulk values at coexistence. Fig. 8 shows
the density profile of the very thick film with =N A/ 200exc atoms/nm2

calculated at =T 28 K. After the oscillations exhibited below ≃z 2.5
nm, the liquid phase reaches a plateau with density =ρ 35.47l nm−3,
and the asymptotic density of the vapor phase becomes =ρ 0.37v nm−3.
Both these densities coincide with the corresponding experimental bulk

Fig. 4. (a) Adsorption isotherms μ TΔ ( )pw for the Ne/Mg system obtained with theU z( )CCZ potential, from bottom to top the solid lines correspond to temperatures of
=T 30,29,28,27,26,25, and 24.55 K, while the dashed lines correspond to =T 24,23, and 22 K. (b) Excess of the grand potential per unit area as a function of the

reduced chemical potential for the same sequence of temperatures shown in (a), where the full and open circles indicate the loci of the main PW line. In both panels,
the curves merge into the =μΔ 0pw line for large coverages.

Fig. 5. Enlarged images of the energy curves shown in Fig. 4b for =T 29 and 28 K. The points denoted by C0 in both sub-plots indicate the locus of the main PW line,
and the meaning of point B in sub-plot (b) is explained in the text.
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values at liquid–vapor coexistence, thereby supporting the accuracy of
the current calculations. The dashed curve in Fig. 7 is a schematic re-
presentation of the adsorption isotherm shown in Fig. 2a given by Zhou
and Zhang [15]. This curve indicates that the asymptotic pressure for
very thick films =P ZZ( ) 2.227asympt atm is much larger than the ex-
perimental saturated vapor pressure = =P T( 28 K) 1.3040 atm. In order
to demonstrate that this inconsistency is not caused by the ϕ z( )ext po-
tential, we evaluated the adsorption isotherm by using this potential
within the framework of the DFT given by Ref. [9]. The results are also
plotted in Fig. 7, which indicate that the pressure approaches the ex-
perimental saturation value from above. Moreover, in the case of

=T 24.50 K, the asymptotic value of the pressure shown in Fig. 3c given
by Ref. [15], =P ZZ( ) 0.67asympt atm, is about 50% larger than the cor-
responding experimental value at vapor saturation = =P T T( ) 0.43t0
atm. These results indicate that in the limit of very thick films, the
augmented DFT version applied by Zhou and Zhang overestimates the
asymptotic pressure, which should agree with P T( )0 .

3.2. Wetting temperatures

Next, we determined Tw from our new data. If the tail of the ad-
sorption potential has the vdW form, i.e., → ≈ −U z C z( large) /sf

3, then
the tangency to the coexistence curve ( =μΔ 0pw ) is described by the
following relationship [6,7].

= −μ T a T TΔ ( ) ( ) ,pw pw w
3/2 (18)

where apw is a model parameter [12]. For strong substrates, wetting
may be observed atTt or at even lower temperatures. The values of μΔ pw
corresponding to the bold points in Fig. 4b are shown as a function of T
in Fig. 9. A nonlinear fit of these data to Eq. (18) yielded the results
given in Table 1, and the dashed curve in Fig. 9 indicates the quality of
the adjustment. The wetting temperature obtained, = ±T 20.8 0.4w K,
which is lower than Tt , is in good agreement with the GCMC value

= ±T 22 1w K quoted in Table 1 by Ref. [8].
Figs. 4 and 5 indicate that Tcpw lies between =T 29 and 30 K. In

order to enlarge the set of data close toTcpw, we evaluated the isotherms
at =T 27.5, 28.5, and 29.5 K. The crossing points C0 corresponding to

=T 27.5 and 28.5 K are shown in Fig. 9, where these new data follow

Fig. 7. Adsorption isotherms for the Ne/Mg system at =T 28 K as a function of
pressure. The solid and dash-dotted curves were calculated in the present study
using the U z( )CCZ and ϕ z( )ext potentials, respectively. The dashed curve is a
schematic representation of the results reported by Zhou and Zhang [15]. The
experimental saturated vapor pressure at this temperature, =P 1.304 atm0 , is
indicated by the vertical line.

Fig. 8. Density profile of a very thick film of Ne adsorbed on Mg at =T 28 K
obtained for theU z( )CCZ potential. The dashed and dash-dotted lines denote the
liquid =ρ 35.47l nm−3 and vapor =ρ 0.37v nm−3 densities for coexistence at
this temperature, respectively.

Fig. 6. (a) Enlarged image of the energy curve shown in Fig. 4b for = =T T 24.55t K. The point denoted by C0 lies on the main PW line. The meanings of points C1, C2,
…, C6 are explained in the text. (b) Enlargement of the crossing C6.
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the trend of the initial series perfectly. The evolution of the PW phe-
nomenon characterized by the jump in coverage = −ΔΓ Γ Γthick thinℓ ℓ, ℓ, at

μ TΔ ( )pw can be observed in Fig. 10. The largest jump occurs close to Tw,
but it then shrinks as T increases, and eventually disappears at Tcpw
where the thin and thick films merge. Thus, ΔΓℓ serves as an order
parameter that vanishes at the CPW point [10]. However, using data
based on the coverages of adsorbed critical films for estimating Tcpw in
the case of a relatively strong attractive substrate such as Mg presents
problems. More than one loop develops for temperatures in <T 28.5 K,
so its evolution with temperature is not smooth (e.g., see Figs. X and
Vb). To overcome this problem, we studied the dependence of the slope
of the isotherm on T at the point where it changed concavity at the PW
well. The data plotted in Fig. 11 indicate that this point is near =Γ 1.1ℓ .
Fig. 12a shows that this slope is a smooth function of temperature and it
becomes zero at Tcpw. The behavior of this slope is linear and it can be
evaluated beyond Tcpw, so this critical temperature can be determined
precisely. A linear fit yielded = ±T 29.23 0.03cpw K, as shown in Table 1,
and the quality of the fit is depicted in Fig. 12a. Using this value of Tcpw,
we checked the asymptotic behavior

= −T b T TΔΓ ( ) ( ) ,pw cpwℓ
1/2 (19)

that is expected under the MFA used in the present study for the at-
tractive f-f interaction [45]. Fig. 12b shows that this equation is sa-
tisfied for temperatures very close to Tcpw when =b 0.658pw K−1/2. The
results obtained yield a difference of − =T T 8.4cpw w K, as shown in
Table 1, and this value agrees with those determined based on GCMC
simulations [8,17].

3.3. Calculations at <T Tt

Since the determined wetting temperature is lower than the triple
point temperature, the adsorbed Ne should be liquid in the range of

< <T T Tw t. Hence, it is reasonable to perform DFT calculations with
the same formalism employed for ≥T Tt. Thus, we extrapolated the
coexistence curve into this regime and the corresponding parameters
comprising ν T( )id , −ε T( )͠Ne Ne , and −σ T( )͠ Ne Ne of the grand canonical
functional for Eqs. (2) and (4), were determined. The adsorption iso-
therms evaluated at =T 22, 23, and 24 K are depicted by dashed curves
in Fig. 4a. The overall behavior is similar to that found at =T Tt and
shown in Fig. 6, where only the overshoots of the transitions Ci are
higher (see Fig. 4a). The results for the excess of the grand potential
energy per unit area as a function of the reduced chemical potential are

Fig. 10. Coverage of coexisting thin and thick films along the main PW line as a
function of temperature.

Fig. 11. Adsorption isotherms for coverages close to the main PW regime,
where from the bottom to the top, they correspond to

=T 30,29.5, 29,28.5, 28,27.5, and 27 K. Dashed straight lines indicate the slopes
used for determining Tcpw.

Fig. 12. (a) Slope of the reduced chemical potential shown in Fig. 11 as a
function of temperature. The solid straight line represent the fit of the data used
for determining Tcpw. (b) Coverage jump along the main PW line as a function of
temperature. The solid curve was evaluated with Eq. (19).

Fig. 9. Full circles denote the reduced chemical potential as a function of
temperature along the main PW line for ≥T Tt and open circles are data for

<T Tt . The dashed curve shows the fit of the data for ≥T Tt when used to
determine Tw, and the dot-dashed curve is the fit for all the data. Solid curves
represent the sequence of i-th PW lines and squares indicate their critical points
Cpwi.
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shown by the dashed curves in Fig. 4b, where the open circles indicate
the crossings that yield the locus of the main PW line. The corre-
sponding values of μ TΔ ( )pw are given in Fig. 9, where the dashed curve
shows the fit of the data for the entire range of ≤ ≤T22 28 K to Eq.
(18). The determined parameters apw and Tw are also given in Table 1,
where the value obtained for = ±T 21.0 0.1w K is compatible with that
produced based on data for ≥T Tt . Furthermore, the trend in the co-
existent Γ thinℓ, and Γ thickℓ, at the main PW line follows the expected be-
havior, as shown in Fig. 10.

We note that there is a high level of similarity between the iso-
therms shown in Fig. 4a and in Fig. 5 given by [46]. For the Xe/Li
system. Therefore, it is reasonable to expect that the Ne/Mg system
should also exhibit a series of PW lines similar to those depicted in
Fig. 3c given by Ref. [43] for Xe/Li. In fact, the oscillating behavior of

μΔ as a function of Γℓ leads to a sequence of first-order layering tran-
sitions that yield additional PW lines. The critical points [T μ, Δcpwi cpwi]
at which the i-th layering transition terminate are indicated by the
squares denoted by Cpwi in Fig. 9. These PW lines are only shown up to

=i 8 because the next ones merge with the =μΔ 0 line on the scale
used in this figure. As the temperature decreases, all of the lines coa-
lesce into the Cpw0 curve. All of the critical points Cpwi were determined
by employing the same procedure used to obtained Cpw0. This overall
behavior corresponds to that shown in panel (d) of Fig. 1 given by Ref.
[7]. We note that the locus of the PW line finishing at Cpw1 is very short,
it appears at =T 26.35 K, and at =T 26 K it already exhibits a higher

AΩ /exc value than that of the main PW line. Therefore, at =T Tt, the
coverage jump identified by C1 lies above C0, as shown in Fig. 6a. At
lower temperatures, when T approaches Tw, subsequent crossings >Ci 1

begin to exhibit higher AΩ /exc value than that corresponding to C0. For
instance, as shown in Fig. 13a, the crossings C1, C2, …, C5 already lie
above C0 at =T 22 K. In order to illustrate the accuracy of the current
calculations, the crossings C10 and C11 at this temperature are shown in
Fig. 13b.

4. Concluding discussion

First, we note that the results obtained using the current DFT cal-
culations for the Ne/Mg system differ from those reported by Ref. [15].
These differences can mainly be attributed to two facts: (i) the ad-
sorption potential used by Zhou and Zhang is short range, whereas the
potentials used in other studies are long range; and (ii) the augmented
DFT formalism employed by Zhou and Zhang does not contain suffi-
cient information about the bulk Ne. The adsorption potential ϕ z( )ext
devised and used by Zhou and Zhang [15] is a short range interaction,
which is truncated at ≃ −z σ3cs Mg Ne. By contrast, the asymptotic ex-
pression of the adatom–surface interaction, i.e., at large separation z,

given by the U z( )CCZ potential exhibits a long range tail that is pro-
portional to − z1/ 3. It should be noted that Chapter 2 of [47] presented
several approaches that can be used to arrive at the conclusion that an
adsorption potential should take the form of → ∞ ≃ −U z C z( ) /sf 3

3.
Moreover, the range of the potentials for atoms over alkaline surfaces is
particularly large due to the large decay lengths of the surface elec-
tronic charge in these systems. Hence, it appears that the expressions
given in Eqs. (1) and (2) by Ref. [15] are not suitable for describing the
Ne/Mg system. The difference between both adsorption potentials is
shown clearly in Fig. 2a. The crucial difference obtained for μ kΔ /pw B at
Tt when using the short range ϕ z( )ext or the long range U z( )CCZ in the
framework of the same DFT is shown in Fig. 2b. Therefore, it is clear
that wetting occurs only for U z( )CCZ . Moreover, in a very recent study,
Evans et al. [48] demonstrated that the nature of the wetting behavior
depends on whether the adsorption potential is short or long range. For
the Ne–Ne interaction, the same MFA given by Eq. (4) was used by Ref.
[15] and in the current study. The differences are that Zhou and Zhang
used the same values for −εNe Ne and −σNe Ne at all temperatures and the LJ
potential was truncated at σ4 , whereas in our calculations, we assumed
that these strength and size parameters are functions of T and that the
LJ potential is not truncated. The DFT calculations conducted by Zhou
and Zhang's led to an important difference between the asymptotic
pressure for very thick films at a given T and the corresponding ex-
perimental saturated vapor pressure P T( )0 . By contrast, we showed that
in the case of the current DFT formalism, even for ϕ z( )ext , the asymp-
totic pressure approaches P T( )0 , although from above (see Fig. 7).

In fact, in the case of the current DFT, in addition to fitting the LJ
parameters −−ε T( )͠Ne Ne and −σ T( )͠ Ne Ne in order to reproduce the data in
the liquid-vapor coexistence curve quoted in Table III given by Ref.
[40], we successfully checked the prediction of the liquid–vapor surface
tension at saturation given by the formalism as a function of T [9].
Moreover, this DFT was employed to analyze the wetting properties of
Ne adsorbed on Cs, Rb, K, Li, andMg. This sequence of substrates exhibit
increasing attractive strength, which leads to a variety of wetting si-
tuations along the entire range of temperatures spanned from the triple
point temperature Tt up to the critical point temperature Tc. These cal-
culations suggest nonwetting for Ne/Cs and a wetting temperature close
to Tc for Ne/Rb (both results are in agreement with the experimental
findings [13]).

Furthermore, in the present study, we extended the DFT calculations
below Tt . The results obtained for temperatures in the regime of

< <T T Tw t exhibited trends that were compatible with those exhibited
for ≥T Tt . In addition, we proposed a novel procedure for determining
Tcpw, which is particularly useful for moderately strong adsorption po-
tentials. Our new calculations facilitated very accurate evaluations of
both Tw and Tcpw, which yielded values that are compatible with the

Fig. 13. (a) Enlarged image of the energy curve in Fig. IVb for =T 22 K. The point denoted by C0 is on the main PW line. The meanings of points C1, C2, …, C6 are
explained in the text. (b) Enlargements of crossings C10 and C11.

L. Szybisz et al. Journal of Physics and Chemistry of Solids 121 (2018) 386–395

394



GCMC estimates given by Refs. [8,17]. The range of temperatures ob-
tained for the wetting behavior of Ne/Mg have not been measured
previously, so these are predictions. Finally, we should stress that some
additional interesting features were determined by employing the arc-
length continuation algorithm to analyze the adsorption isotherms. For
instance, at ≲T Tt, after the main PW jump, the film grows exhibiting a
series of coalescent PW lines, as expected for moderately strongly at-
tractive substrates.
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