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Wetting transition behavior of Xe on Cs and Cs/graphite
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Calculations are presented of the adsorption behavior of Xe films on two different surfaces. One is bulk Cs
metal; the other is a graphite surface, covered by a monolayer of Cs. With data obtained from grand canonical
Monte Carlo simulations, it is found that a Xe wetting transition occurs on the Cs monolayer within the
temperature interval 190 to 200 K. On the Cs metal surface, negligible adsorption occurs over the full tem-
perature range of the simulations, which come close to the critical temperature. Experimental testing of these
predictions is proposed.
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I. INTRODUCTION 5 to 10 larger thare, depending on the specific gas.
Two other kinds of behavior can occur, in principle, for

The possible occurrence of a wetting transition is implicitfluids that do not wet solid surfaces &. One is a critical
in Young's equation, which expresses the contact angle of ajjetting transition, which has been seen on liquid surfaces,
adsorbed film in terms of three interfacial tensions. When thQ)ut not yet on solid surfacéé The other kind of behavior is
angle 6 reaches either 0 or 180 degrees, a transition occurghe complete absence of a wetting transition, as found for
from the incomplete wetting behavior to either a wetted surqNe/Csl?
face(6=0) or a dry surfac& =180 degrees The necessary In this paper, we evaluate the wetting behavior of Xe on
occurrence of such a transition was postulated some 25 yeafigo surfaces. One is a bulk Cs surface. The rdibe is
ago in pioneering work by Cahn and Ebner and S&m. about 1.5 in this cas¥,suggesting that the surface is not wet
During the last decade, such wetting transitions have beegt the triple poin€® In fact, we find nonwetting behavior for
found for the cases of a number of gas/surfaceall simulated temperatures, up to neafly similar behavior
combinations~?’ These transitions are consequences of thevas found in experiments and theoretical studies of Ne/Cs,
very weak adsorption potentialdr) on these surfaces; the for which D/e=0.7. In addition, we investigate the Xe ad-
well depthD of the gas-surface interaction is comparable tosorption on a graphite surface coated with a monolayer of
the well depthe of the adsorbate’s interatomic potenfidl. Cs. This problem has been studied experimentally, using
For these systems, the surface is not wet at the triple tenmHe-atom scattering and LEE# When Xe was dosed onto a
perature(T+); this means that, for pressuebelow the satu-  monolayer of Cs at temperatures between 40 K and 100 K at
rated vapor pressur@,, only a thin film adsorbs in equilib- a Xe flux corresponding to a pressure at the surface of
rium on the surface. At somewhat higher temperaflige  10°° mbar to 10* mbar, no evidence was seen for Xe ad-
(somewhere betweefi; and the critical temperaturg&,), sorption with either LEED or He-atom scatteritiy.
however, there can occur a first-order wetting transition. An analogous question of how wetting behavior varies
Over a small range of temperature aboVg, up to the with alkali film thickness has been examined for the case of
prewettingcritical temperaturdTp,,o, this transition, called He and H interacting with alkali metal films on Au
prewetting, is observed as a discontinuity in the adsorptiosurfaces®3’ In those cases, it was found that the wetting
isotherm at ar-dependent pressuf@,,(T). Above this tran-  temperature was measurably different from that of the pure
sition pressure, the film thickness diverges at saturation. lalkali value for films as thick as 2 nm. In the present study,
the regime of the highest temperatur&s; T, continuous the wetting temperature of Xe on the Cs monolayer is found
wetting behavior is observed and the coverage divergés asto be 190 K, somewhat above the experimental triple tem-
approache®,. perature of XeTr=161.4 K. This is quite different from the

Such intriguing transitions have been observed thus fagxtreme nonwetting on the bulk Cs surface and the strong
for He, Ne, and H on bulk alkali metal surfaces and Hg on wetting behavior on graphite.
W and sapphire; similar behavior has been predicted for In the next section we treat adsorption on bulk Cs. In Sec.
heavier inert gases on alkali mefdIg! and for water on Ill we address the problem of Xe on Cs/graphite. In Sec. IV
graphite and other surfacgsThis weak-adsorption, wetting we summarize our results.
transition behavior stands in contrast with the wetting behav-

ior of physisorbed inert gases ang H_n graphit_e, a conse- Il SIMULATED ADSORPTION OF Xe ON Cs
quence of the very strong attraction provided by that
surface®® Typically, the well depthD of the adsorption po- We have computed the coveralyeas a function of pres-

tential of the inert gases on Cs, for example, is of order thesureP using the Grand Canonical Monte Carlo method, ab-
well depthe of the interatomic potential of the adsorbate. Onbreviated GCMC. In this ensembl&,and the chemical po-
graphite, instead, thB values for these gases are a factor oftential or pressure are specified, and coverayé®,T)
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evaluated. The results of such simulations, carried out in suf- 120

ficiently large sample volumes and including extensive

Monte Carlo sampling, are accurate, if the assumed poten-  «— 100}

tials are accurate. The simulation method is identical to that E

employed in our previous papers concerning wetting K 80r

transitions®®-4° Summarizing briefly, we establish a unit cell 3 sol

which is a rectangular solid of dimensiobg L, andL,. We ©

take the valuesL,=L,=100, where ¢=0.41 nm is the £ 40l

Lennard-JoneéLJ) diameter of the Xe atoms. The height of <

the computational cell, perpendicular to the Cs surfagés Z oot

set equal to 244. This value must be large in order to N A
determine the “true” behavior close to the transition, as was 0 :
established in the previous simulation studies. 26 28 30 32 34 36

The Xe-Xe interaction is taken to have the commonly p (atm)

assumedbut approximatpLJ form (without (_:Ut'OfD’_ with FIG. 1. The two-dimensional densitiy/A, of Xe atoms ad-

parameter_’:‘e:221 K_ Qnda:0.41 nm. What_ IS _partlcularly sorbed on Cs substrate at temperatures approaching the critical tem-

important in determining the wetting behavior is the adsorp-perature_ From left to righfT =270, 273, 276, 279, 280, 281, 282

tion potential. _ , 283, 284, 285, 286 K. The surface excess adsorphighd, is neg-
The Xe-Cs interaction/(2) used here is that computed jigiple in all cases, as exemplified in the curve at lower right corner,

from first principles by Chizmeshya, Cole, and Zarembafor 286 K.

(CC2).2" This potential has repulsive kinetic energy contri-

butions from both the electron-adsorbate interactions and thgn extended temperature regime of nonwetting is expééted.

electrostatic interaction between the adatom and the ioniResuylts of the simulations on Cs are shown in Fig. 1. The

charge density. The attraction is derived from a damped vap|otted results are the total density of atorNgA (including

der Waals interaction, with amb initio dispersion coeffi-  yapor atomy except for one curve, which shows the surface

cient. The resulting potentials and the derived predictions ofycess adsorptior,/A. The surface excess adsorption is

wetting behaviot’ have been tested with a fairly large num- gefined as the difference between the actual coveiem®-

ber of systems. The CCZ potential has the following func-pyted or measurgdand the nominal coverage present if the

tional form: density near the substrate were that of a gas phase. In Fig. 1,
vV =1+ -az the surface excess adsorption is negligibly srileis than a
ccd?) = Vo(1 + azje monolayer; density about 6 atoms perfmven at the high-
—t,(B(z- )(z— ) Coaw est temperature explorgd =286 K). This extreme nonwet-
2(B(Z= 2,aW (2~ Zugw (2= z,q0)° ting behavior is found over the complete rangeToand P,

The first term in this expression is the Hartree-Fock repulsiv which extends quite close to the bulk critical temperature,
energy, while the second term is the attractive van der Waa?g—?eszegngtgd ﬁé?)iﬂzngﬁsgl r'gg(iaozjlrgl;lggog riiss\llthsicire;hr;ot
contribution to the interactiorC,qy andz,q are the strength corelation length exceeds the lateral dimension of the unit
and reference plane position of the vdW potential,qg.
respectively’’?® The damping functionf(x)=1-e(1+x Our finding of nonwetting below saturation is consistent
+x2/2), accounts for the effect of atom-substrate wave funcyith our limited experimental datafor Xe/Cs/graphitea
tion overlap on the vdW correlation energy. The secondnore attractive substrgtewhich explored just the very low
damping function, 8(z)=az/(1+az), overcomes the un- Pp region, finding negligible adsorption at &l over the in-
physical divergence a=2z,q,.?"*° The CCZ parameters for terval 170 K< T<286 K. The absence of a wetting transi-
the Xe-Cs interaction ar¥,=0.544(eV), @=0.893(a;",a,  tion contradicts calculations based on the so-called “simple
=0.529 A, C,quw=9.249(eV-a3), andz,qy=0.440(ag).>’ model,” which predicted a wetting temperatufg=235 K
Predictions based on the CCZ potential were found to bdased on the CCZ potenti#l Previous experience has found
consistent with experimental wetting data for He/Cs; for thea similar discrepancy for the very weakest adsorption
case of He/Rb, instead, there is some indication that theotentials®®
potential is too shallowby 5 to 10%, but there is a signifi- The “simple model” evaluates the free energy of a hypo-
cant disagreement between various groups’ measured wetetical film in terms of the gas-surface interaction and the
ting properties in that casé:*? For Ne/Cs, there is some bulk fluid’s macroscopic properties at a given temperature. In
ambiguity about the accuracy of V because of computationaso doing, it employs a highly oversimplified description of
uncertainty in the simulations ned; in contrast, the calcu- the relative energies of wetting vs nonwetting films. In par-
lations agree with measurements for Ne/Rb Recently, ticular, it neglects the presence of any film at temperature
for H, on Rb and Cs we found that the computed potentialdess than the wetting temperature and uses the bulk liquid-
are about 20% too shallow, based on a comparison with exsapor surface tension to characterize the cost of forming the
perimental wetting data on those surfaé&¥ film. For these reasons, and perhaps others, it is not surpris-
For Xe/Cs, the ratio of adsorption well depth to gas-gasng that the model fails to describe the transition behavior in
well depth is 328 K/221 K- 1.5, a relatively small value, so very weakly attractive situations. Indeed, the curious and for-
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tunate situation is that the model works rather well in pre-

dicting wetting in the case of more attractive potentials than O 1
Xe/Cs®
-200F
11l. ADSORPTION AND WETTING TRANSITION ON Cs o
MONOLAYER = -400[
N
The Xe adsorption potenti&(z), assumed to depend only > _so0l [
on z, the coordinate normal to the surface, is obtained by
adding separate contributions from the Cs monolayer and the
graphite substrate: -800f
V(Z) = VCS(Z) + Vgr(z)- (1) —1000W2 L . N L N .
. . . 4 ) . 1 1.2 1.4
We are neglecting both corrugation of the potential and 0 06 ozs(nm)

three-body interactions involving the Xe and all Cs atoms
and the graphite. The former approximation is plausible on FIG. 2. Contributions to the total adsorption potent{ill
alkali metal surfaces because the adsorption occurs so faurve of a Xe atom above Cs-covered graphite. The dotted curve is
above the outer plane of substrate atoms. The latter approx contribution from the Cs layer. The dash-dotted curve is the po-
mation has been explored previously in a similar context andential due to the top layer of C atoms, while the contribution of the
found to change the well-depth of order 16%@ he graphite remaining C layers is dashed.
potential is the semiempirical potential of Carlos and Cole,
fit to experimental scattering and thermodynamic data frontensity jumps by a factor of 7 and~3.5, respectively.
Penn State and Caltech, respectiviiy/°The contribution to For T>206 K, a continuous growth of a wetting film is
the Xe potential contributed by the Cs monolayer, with theobserved. These results for the prewetting transition phenom-
structure derived from LEED measurements of i@ <X2)  enon are qualitatively the same as those found in previous
overlayer, with spacing 0.492 nm between Cs atoms, abowtimulation studies of this transitidf§:38-4°
10% smaller than the bulk crystal spacit¥g:
Ved2) = %) _ %_ @) IV. DISCUSSION

The simulation results indicate that Xe adsorption on the
Here, the coefficient values amd,(=2.5x10° KA*® and  Cs monolayer is very different from that on bulk Cs, a logi-
A,=4.69x 10° KA These values are based on integrationcal consequence of the significantly deeper well in the
of the LJ type of Xe-Cs interactions computed by P&til. former case. For bulk Cs, negligible adsorption is found at
The Cs layer lies 0.28 nm above the surface of graphiteall T below T; similar behavior was found to be the case for
according to LEED data and an analysis by étual>?Note  Ne/Cs in both calculations and experimeHté2 As men-
that the attractive well provided by the single Cs layer istioned above, the reduced rafild=D/ e in the Xe/Cs case is
about 50% deeper than that provided by the bulk Cs crystabhbout 1.5, whileD*=0.7 for Ne/Cs. The valu® =1.5 is
This exemplifies a breakdown of the pairwise sum approackimilar to that found for H/RDb, in fact, which is a system

to modeling adsorption potentials, which is not surprising forexhibiting a wetting transition at a reduced temperature
a nearly free electron gas at the Cs surface.

Figure 2 shows the resulting potential and its various 60

components, the contribution from the Cs layer, the top layer
of C and the more distant C layers. It is seen that the well —~ 50} 11
depth (~680 K) of the total potential in this case is more E
than a factor of two greater than th&@ =328 K) on the bare § 40t
Cs surface. Thus, much greater adsorption is expected in this 3
case than was found above. 2 30}
Figure 3 shows the resulting adsorption isotherms, which E
confirm this expectation. Below 192 K, less than a mono- 20t
layer film is present below saturatigthe point at which the <
coverage diverggsThis is a nonwetting regim#. In con- < 1of
trast, the results exhibit a coverage jump associated with a
prewetting transition within the interval 192KT <206 K. 0 35 4 45 5 55 6 &5
The transition behavior is seen very clearly in density pro- ' ' p (atm) ' '
files, shown forT=194 K and 200 K in Figs. 4 and 5. These
exhibit density discontinuities at relatiye saturationpres- FIG. 3. Surface excess adsorption isotheigA, of Xe above

sure P'=P/Py,=0.97 at 194 K and®'=0.95 at 200 K, re- Cs/graphite at temperaturésom left to right T=190, 192, 194,
spectively. At these transition pressures, the surface exceds6, 198, 200, 201, 202, 203, 204, 205, 206, 207, 208, 209 K.
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FIG. 4. Density profiles of Xe af=194 K, as a function of the FIG. 5. Density profiles of Xe af=200 K, as a function of the
reduced distance above the Cs/graphite substrate, for various ratioesduced distance above the Cs/graphite substrate, for various ratios
P"=P/P, of the pressure to saturated vapor pressure. The curveB” =P/P, of the pressure to saturated vapor pressure. The curves
with and without asterisks correspond to reduced pressures abowéth and without asterisks corresponds to reduced pressures above
and below the prewetting pressuPé~ 0.97, respectively. The data and below the prewetting pressulé~ 0.95, respectively. Below
indicated asP” <0.97, just below the prewetting transition, show P"=0.95, less than a monolayer adsorbs. The ten curves above the
coverage of less than one layer. The five curves above the transitiggrewetting transition ling(indicated by asteriskscorrespond to
(indicated by asteriskscorrespond to reduced pressuf@s>0.97 P >0.95(from left to right: P* ~0.955, 0.960, 0.966, 0.972, 0.975,
(from left to right: P*~0.973,0.979,0.985,0.991,0.996The  0.980, 0.985, 0.992, 0.995, 0.99The dashed line is the bulk lig-
dashed line is the bulk liquid density. uid density.

T =T/T,=0.58!2"141540One might then ask why a wetting phenomenon experimentally since it is a relatively conve-
transition occurs in the latter case, but not for Xe/Cs. Wenjent system experimentally. If feasible, the variation of the
explain the difference qualitatively with the “simple model,” yetting behavior with Cs thickness should be explored. Such
which expresses the wetting temperature in terms of the sugg, experimental study was carried out for the case of He
face free energy of the film at the transition. The relatively\yetting on Cs-plated Au. The result was a significant shift of
lower wetting temperature of ;i we believe, is a conse- 1 for Cs films greater than 2 nm, showing the sensitivity of
guence of quantum effects that reduce the surface tensioggsorption to quite weak long range interactié®¥. In fu-

facilitating the wetting. This trend was discussed previouslyyre simulation work, we intend to explore Xe adsorption on

in terms of “nonuniversal” predictions of the simple mo#&l. poth that surface and multilayer Cs films on graphite.
One should bear in mind that, as discussed above, this model

does not work quantitatively for such ultra-weak adsorption We would like to acknowledge discussions with Professor
systems as Ne and Xe on Cs. Susana Hernandez of the University of Buenos Aires and

The simulations indicate that a wetting transition occurs asome early calculations by Yury Prischepa. We are grateful to
T =T/T.=0.66 for the case of a Cs monolayer on graphitethe NSF for its support, through Grants No. DMR-0208520
(for Xe T,=289.7 K). It would be worthwhile to explore this and No. NIRT-0303916.
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