PHYSICAL REVIEW E VOLUME 59, NUMBER 4 APRIL 1999

Computer simulations of the wetting properties of neon on heterogeneous surfaces
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We use the grand canonical Monte Carlo method to study the nature of wetting transitions on a variety of
heterogeneous surfaces. The model system we explore, Ne adsorption on Mg, is one for which a prewetting
transition was found in our previous simulations. We find that the first order transition present on the flat
surface is absent from the rough surface. Nevertheless, the resulting isotherms are, in some cases, so close to
being discontinuous that the distinction would be difficult to discern in most experiments.
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PACS numbg(s): 68.45.Gd, 64.70.Fx, 68.35.Rh, 82.20.Wt

[. INTRODUCTION to correspond qualitatively to real M@.g., lattice constant
a=4.01 A). We found that the principal effect of this cor-
The last decade has seen a great increase in the study idfgation was a small shift in the prewetting transition char-
wetting transitions. Particular attention has been drawn to th@Cteristics, as expected from a qualitative argument which
case of simple gases on alkali metal surfaces, for which thattributes the shift to the atoms’ extra attraction due to the

first experimental examples of the prewettiffyst order ~Periodic part of the potential.
transition phenomenon have been sddr-8]. The subject This paper extends the Ne/Mg study to the case of hetero-

has attracted even wider interest with the recent addition o§€"€OUS surfaces. Such surfaces hgre are construcied by_ el
Hg transitions to the list of adsorption systems exhibiting_th‘?r.add”_]g Mg atoms to or subtracting them from th? sem-
these phenomen®,10]. Theoretical interest in this problem |nf|n[te .S|mple cuplc lattice e”!p'OVed n . We find a

is extensive and diverse; important open questions includgual't_a!t've (_:hange in the adsorption behavior: the prewetting
which systems are likely to display the transitidid—15, transition dlsappears, as expected from the general theory of
their sensitivity to the adsorption potentjd6,17], the nature adsorption on irregular surfaces. In the case of small hetero-
and dimensionality of long-range forcgs8], the possibility ~9eNeity. we find that the adsorption can exhibit a very rapid
of higher order transition§19], and the influence on the 1€ as a function oP; this "quasitransition” might not be
transition of surface irregularitj20—25. dlstlngwshal_ale from a truéfirst orde) transition in a labo-

In a previous papei26], henceforth called I, we explored ratory e.xpenment.'ln other cases, the rap|q rise is replaced
several of these questions. Specifically, we used the grarfy @ fairly gentle increase of coverage with As P ap-
canonical Monte Carlo method of statistical mechanics td°roaches saturated vapor pressure, the coverage dependence
compute the nature of wetting transitions of Ne on weaklyMa correspond to either complete wettitjvergent film
adsorbing surfaces. That work found that alkali metals attracgr®Wth or nonwetting behavior, depending on the kind of
Ne so weakly that nonwetting behavior was predicted for alfféterogeneity. Thus we find that surface irregularity can
temperatures below 42 K, i.e., 95% of the Ne bulk criticalCNange a wetting system into a nonwetting system. This can
temperature. This result is consistent with experimental datg€ rationalized from a crude thermodynamic argument based
of Hess, Sabatini, and Chan; using a quartz microbalancg’ the interfacial free energy cost of an irregular film.
technique, they found a wetting transition near 43.4 K on This paper presents our geolmetry and computatlonal
Rb, and evidence of a drying transition on a Cs surf&d. method_m Sec. Il, and our regults in Sec. lll. We discuss our

In I, we found that the case of Ne adsorption on Mg isconclusions and open questions in Sec. IV. We'e',-mphasuze
quite different from that on the alkali metals; the reason istha_t our results may well depend on the specific model,
that the Ne adsorption potential on Mg is approximately fourVhich is not completely general.
times as attractive as that experienced on Cs, and twice as
attractive as that on Li28]. We found prewetting transition
behavior on Mg in the regime 22T<30 K. This is mani- Our calculational technique was discussed extensively in
fested as a coverage discontinuity at a pressure which de; to which we refer the interested reader. Briefly, we per-
pends sensitively on both and the adsorption potential. In form gcmc simulations of Ne adsorption on a model surface.
paper |, we also explored the effect on the transition of arhe Ne atoms are confined to a space bounded on one side
(periodig corrugation of the adsorption potential by con- by the surface and on the other side by a regiapI(
structing a simple cubic model of Mg, with properties chosen=78 A) of infinite potential energy. The Mg surface is pe-

riodically replicated as discussed below. It gives a semi-

infinite domain of Mg atoms which reside on sites of a
*FAX: (814863-5319. Electronic address: STEFANO@ simple cubic lattice. Each Mg atom interacts with the Ne
PHYS.PSU.EDU atoms with a Lennard-Joné€kJ) pair potential with param-

Il. GEOMETRY AND METHOD
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etersegs=15 K andoys=5.01 A . These values were cho-

sen in | to approximate the theoretical potential of R28§], 25
appropriate to the case of a Ne atom above a flat Mg surface
Finally, the Ne-Ne interaction is also taken to have a LJ
form, with parameters 33.9 K and 87A . These assumed
functional forms, as well as the assumption of classical sta-~
tistical mechanics, should be of at least qualitative accuracy s
and are conventional in this field. We do not aspire to quan-
titative accuracy in the potential, becaus®our knowledgg

no one really knows the characteristics of the physisorption> 10
potential in the case of a rough metallic surfq26)].

The initially flat surface consists ok(y periodically rep-
licated square cells of dimension 2g.3A , each containing
49 surface atoms. The algorithm used for creating our rougt
surfaces involves a surface profile function produced in mo-
mentum spacdand then Fourier transformpdThe proce-
dure begins with a random, Gaussian-distributed profile
function. Then one applies a correlation filter to remove high FIG. 1. Potential energy (x,y), defined in the text, as a func-
wave vector components. The filter is a Lorentzian functiontion of lateral position on the surface for the case of one Mg adatom
with a width equal to the periodicity. Our rough surfaces areat (x,y)=(8.02,8.02 A) and one missing surface atom at
characterized in either of two ways. One involves a quantity(20.05,20.05 A in each simulation cell, which contains 49 surface
called o, defined as the root mean square deviatipom a  atoms. The scale at right is expressed in units of the well depth of
mean value of zepoof the topmost atoms’ values af The the gas-Mg atom pair potential, which has the value 15 K.
other is the specification of the rough geometry, i.e., the
actual number and shapes of the various imperfections. Weritical temperature (30.6 K) computed for ttigonperi-
note that our “rough” surface is actually periodic, but this odic, flap Mg surface in 1[30]. Figure 3 displays the iso-
should not affect our conclusions excepting those phenomherms computed for Ne on several different Mg surfaces.
ena (i.e., exactly at transitionwhich involve fluctuations For reference, we note that a nominal monolayer coverage is

with wavelengths larger than the cell sige., 28.07 A. The  apout 60 Ne atoms per periodic surface cell, derived by as-
same limitation applies, of course, to all phenomena studied

with simulations. 0
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lll. RESULTS

Our methods and results involve fully three-dimensional
(3D) functions, such as the density and potential energy. For ~ _; | |
ease of depiction and interpretation, we present 2D graphs o
different kinds. We define, in general, a 2D functidigx,y)
as the minimum, as a function o, of the 3D potential
V(X,y,z) experienced by a Ne atom. An example appears in
Fig. 1, which shows this function in the case of a simulation -4
unit cell which possesses both a single added Mg atom and .
single atomic “pit,” i.e., a hole created by the extraction of & -
one surface layer Mg atom. Figure 2 shows the dependenc™
on z of V(x,y,z) above three different Mg atoms on this 8
surface(an ordinary surface atom, an adatom, and an atom a
the bottom of the pjt One is struck by the fact that the Mg
adatom creates a very extended region of unfavorable poter
tial for a Ne atom. This is a consequence of the large hard
core length of the Ne-Mg pair potential. In contrast, one -8
observes that the pit provides a very attractive region; how-
ever, this attractive region is very narrow and does not ex- :
tend significantly above the neighboring surface atoms. We W
shall see, as a result, that the pit does not greatly enhance N _,, § . | . | s
adsorption in its vicinity. Note also in Fig. 1 that away from 0 (%.E_Z Vo
the imperfections the functiob (x,y) varies by a factor of s e
about 20%, due to the atomic periodicity alone. This varia- FiG. 2. Potential energy(x,y,z) as a function of normal dis-
tion and its effect on wetting were discussed in I. tancez above three surface atoms’ sites: above the adétiashes

Most of the simulations in this paper have been carriethhove the pifdash-dottel] and above a surface atom in the unper-
out at a temperatur€=28 K. This temperature is interme- turbed surface{full curve). The curves are shifted so that their
diate between the wetting temperature (22 K) and theninima coincide. The values o, are 9.50, 3.6, and 5.16 A,
prewetting respectively.

1.5
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FIG. 4. 2D density of adsorbed Ne on the surface of Fig. 1, at
P=0.945 atm andN=47.4 particles(0.96 particles per Mg unit
s 4 / cell), just below the rapid rise of adsorption. The density scale at
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the collective behavior of the wetting transition; the net ad-
sorption is not a superposition of adsorption from distinct
regions of the surface. Specifically, the case of both an ada-
tom and a pit is the least attractive overall of the four cases
FIG. 3. Adsorption isotherms on a flat Mg surfgéall curve), a  considered, so that the adsorption rise occurs at the highest
surface with a single missing adatom per unit detiort dash a  pressure of all. When this quasitransition ultimately occurs,
surface with one adatoifiong dash, and a surface with an adatom the thick film (present above the transitipexperiences the
and a missing surface atofmedium dash The area of the Mg unit remote heterogeneity weakly, so that #rhigher than the
cell is 16.08 R. quasitransition value, the net coverage is almost independent
of the heterogeneity. This argument rationalizes the in-
suming a 2D density equal to tHepower of the density of ~creased abruptness of the adatom plus pit isotherm relative to
the 3D liquid. One of the isotherms in Fig. 3 is that obtainedthat for the adatom alone.
in paper | with the “perfect” flat surface of Mg; one ob-  We define a 2D density in the usual way, by integrating
serves there a Vertica' prewetting transition & the 3D denSity of the film over the coordinate at fixed
=0.862 atm. This corresponds to a coverage jump by a fad.Y). Figures 4—6 display the evolution of this 2D density
tor of 4, as discussed in I. The closest isotherm rise to thigt the quasitransition in the case of a simulation unit cell
arises in the case of a small fitreated by removing one Which possesses both an adatom and a pit. One sees that the
surface atom This appears to be discontinuous ngar adatom inhibits Ne adsorption near it, even when (theer-
=0.93 atm. We have not yet employed sufficient computa®d8 net coverage is several layers. Note that the region at
tional resources to examine this functional dependence in
detail; the difficulty lies in the divergent fluctuations in cov- Ly g va
erage when isotherms become so very steep. A nonanalyti 2 ) ey
dependence oN on P cannot be ruled out at this time. A v » » S - 036
third curve in Fig. 3 corresponds to the case of a single N a8 o i3
adatom. Here, too, we find a rapid variation of coverage with 3 Nt .., 3 028
P, occurring at somewhat high&=0.92 atm. Finally, one L 7Y - - \ 02
observes another isotherm, corresponding to both an adatorg sfe ™ = & ~ T4 g
and a pit, i.e., the geometry corresponding to Fig. 1. The rise2 [ 0.1
here is even more rapid than in the single adatom case<
which is perhaps curious because the surface is less homc>
geneous. Similarly surprising, at first glance, is that the rise
occurs at even highd?=0.952 atm than for the other two
heterogeneous cases. Very naively, one might have expecte
the isotherm for the case of an adatom and a pit to be inter: i ¢ ,
mediate between those in the cases of a single impurity, i.e. 4L & Wy 5 e o T, ol
adatom or pit. That expectation is a consequence of a “su- X (Angstrom)
perposition” supposition, which would be valid if the re-
gions of imperfection were remote from each other, so their FIG. 5. Same as Fig. 4, except B&0.965 atm andN=180
effects did not interfere. The rather different reality reflects(3.67 particles per unit cgll
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lateral distance 6 A from the adatom has, instead, a slightly ;-"J.,.w"_.__,‘__'_..l—_:;-_—-l....--v--*""
enhanced density due to the attractive poter{barely vis- ol

ible in Fig. 1) at the intersection of the adatom and the rest of A ' I ' 1'2 ' T4
the surface. Finally the pit very slightly increases the adsorp- ‘ pressure (atm) "’ '
tion in its vicinity (at all coverages This can be understood .
in terms of the attractive potential near the pit in Fig. 1. FIG. 7. Adsorpnon_ isotherms on a flat surfa((fall_ cu_rve) and
Because this region of added attraction is so small, the n(ﬂn rough surfaces witlr value as follows: one missing surface

Lo atom (0.08, small dash six randomly distributed missing atoms
contribution is only a few percent of a monolayer coverage . e
. . . . (0.2, medium dash ten random missing atom®.3, large dash
i.e., a few Ne atoms per unit cell of the simulation.

and 11 random missing atoms plus six adatdhg, dash-dotted

Figure 7 shows the evolution of the adsorption behaVIor" e). The last of these shows a rapid increase in coverage only at

as the_ su_rface _becomes prog_resswely rougher. TI_"S 9€NeIdy rated vapor pressure, meaning it is a nonwetting surface.
behavior is straightforward to interpret. Increasing irregular-

ity forces the quasitransition value &f higher because the ]
film growth is depressed by the irregularity. Note that thetures. Here we focus on the simplest of the heterogeneous
quasitransition in the cases ofequal to 0.2 and 0.3 A is surfaces: the Mg surface with one additional Mg atom added
nearly discontinuous. The reason for this is that the thickon, and the one with a Mg atom removed. We simulated at
film, above the transition, is insensitive to the heterogeneitfemperature intervals of 0.5 K froffi=25 to 28 K and the
below. Hence the dominant effect of the latter is to postponéesults are shown in Figs. 10 and 11. At the lowest and
the jump to ever higheP. Ultimately, atc=0.4 A, the highest temperatures, the result for the flat surface is also
behavior becomes nonwetting. The cost of depositing a filnshown. As the temperature decreases, the prewetting behav-
becomes too great for wetting to occur when the surface is st on the two heterogeneous surfaces becomes more similar,
rough. so that by 25 K the isotherms are indistinguishable in shape,
Figure 8 displays results indicating the sensitivity of thedifferent only in the transition pressure. Also, the prewetting
adsorption to the presence of holes of various size on th#Fansition on the heterogeneous surfaces lies closer to the
surface. Since a small holee., a single atompostpones the pressure for the transition on the flat surface at the lower
quasitransition jump, it is not surprising that a large holetemperature. Presumably, at some even lower temperature
postpones it even more. In the case of a very wide and dedpe results for all three surfaces would be indistinguishable.
hole, however, the behavior is quite different. The hole thenThis is an interesting result since the effect of heterogeneity
is so large as to provide a very attractive environment for NePn adsorption properties is usually greater at lower tempera-
inducing adsorption even at quite lo® because of the fa- tures.
vorable coordination within the corners of the large hole. For the two heterogeneous surfaces, at all temperatures
Ultimately, at sufficiently highP, the adsorption becomes the prewetting transition occurs at nearly the same pressure.
similar to that on a flat surface in all cases shown. However, as the temperature decreases, the transition on the
Figure 9 indicates the adsorption’s dependence on the siZ!rface with a single adatom goes from continuous to dis-
of islands of adatoms. As discussed above, the single atofPntinuous, which means the nominal prewetting critical
yields a steeply rising isotherm at pressure above the flaemperaturd s, is shifted to a lower value by the addition of
surface’s transition value. AX22 adatom cluster produces a the adatom heterogeneity. The prewetting transition on the
more drastic effect: the isotherm is rather smooth, eventuallgurface with a missing atom retains its nearly first org@er-
rising to agree with that of the flat surface. tical) character at all temperatures studied. Therefore, in the
Finally we look at the effect of temperature on the prewet-temperature range studied here, there is no changé,jp
ting behavior by simulating the adsorption at lower temperacaused by the removal of the Mg adatom from the surface.
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FIG. 10. Adsorption isotherms at different temperatures are
shown for the surface with a single missing adatom per unit cell
(long dashed lings and for the surface with one additional adatom
per unit cell(dotted line$. The isotherms, from left to right, are for
temperature3 =25, 25.5, 26, 26.5, 27, and 28 K. Isotherms for the
flat Mg surface are shown for the highest and lowest temperatures
(solid lines.

IV. SUMMARY AND CONCLUSIONS

This paper has explored the effect of heterogeneity on the
wetting transition. To the best of our knowledge, ours is the
first such study for a system which is both realistic and rel-
evant to current or forthcoming experiments. The case of Ne
is one which has exhibited wetting transitions on alkali metal
surfaces. Unfortunately, these transitions are not amenable to
our simulation method because they occur so close to the
critical temperature. This has led us to explore the case of
Mg, for which the wetting transition is predicted to occur at
~60% of the bulk Ne critical temperature (44.4 K).
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FIG. 11. Same as Fig. 10, but data points are shown with open
circles, for the surface with a single missing adatdomg dashed
lineg), and squares for the surface with one additional adqtiot
ted lines. Only the isotherms af =25.5, 26, and 26.5 K are plot-
ted. Continuous growth is seen at all of these temperatures for the
extra adatom surface, while on the other surface a first order phase
transition is indicated.
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Our most intriguing result is that the shape of the adsorptial, surface geometry, and varieties of heterogeneity. Never-
tion isotherm is relatively insensitive to small heterogeneity;theless, we suspect that a few provisional conclusions are
a 2% (of surface atomsimperfection frequency leads to an valid. A generalland unfortunateconclusion is that adsorp-
isotherm in one casésingle missing atomwhich has a tion data are not easily “inverted” to learn about the nature
nearly first order prewetting transition but with a transitionor degree of heterogeneity. Indeed, we found several in-
pressure that is nearly 5% greater than that of the flat surfacgtances where heterogeneity yielded sharp, transitionlike be-
For the “inverse” Situation(Where a surface atom is added havior Wh|Ch might be misinterpreted as arising from a per-
to the flat surfacethe “transition” is no longer first order, fect, or near-perfect, surface. Finally, we have confirmed the
although a steep rise in coverage occurs at the same pressug®pectation that heterogeneity could eliminate the first order
When the temperature decreases, this coverage rise beconwétting transition, at least in the present case.
more vertical, and eventually exhibits first order character. Eyture theoretical and simulation work is needed to ex-
This is an indication that this small surface imperfectiontend our Study_ One important question is Whether the SO-
brought about a decrease in the prewetting critical temperasajled “quasitransition” behavior is actually singular, re-
ture. Our expectation is that when the heterogeneity createstacting a higher order transition. Another question pertains
perturbation in the surface field which is on the order of thE[O the behavior of the isotherms very close to the Wett|ng
correlation length or larger, the wetting will no longer be transition temperature. These problems, as well as pursuit of
accompanied by a first order transition. Since correlationthe critical regime, will take much more simulation time than
lengths decrease as temperature decreases, the order of {3 have employed here. It is clear that such a study will be
transition shifts from continuous to first order for surfacesyery useful, as will be experimental study of the sensitivity

with sufficiently small perturbations. __ of the isotherms to surface structure.
As the surfaces become more irregular, the transition is no

longer first ordefthough it may look rather verticalbut the
quasitransition pressure continues to shift to higher pressures
as the degree of heterogeneity incre@eseen in Fig.)7 In
contrast, some forms of heterogeneity, e.g., bumps, lead to This research was supported by the National Science
the kind of smooth and continuous behavior which mightFoundation and a grant to Ing. S. C. from Fondazione Ing.
have been expected generically; see Fig. 9. Such behaviéddo Gini. We are grateful to J. R. Banavar, V. Bakaev, R.
manifests no remnant of a transition. Blossey, M. H. W. Chan, W. F. Saam, A. M. Vidales, and A.
Our results are based on very simple models of the poteri-. Stella for helpful discussions and comments.
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~20% what we believe to be the true wetting temperatures on
a jellium version of Mg, because of a systematic difference
between the theoretical potential of REZ8] and the pairwise
sum potential used in our simulations. However, the effect of
the corrugation is to lower the temperature by a roughly simi-
lar amount, so the statement in the text may be accurate by
coincidence.



