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Wetting transitions of “He on alkali-metal surfaces from density-functional calculations
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We have studied the wetting properties e adsorbed on the surface of heavy alkali metals by using a
nonlocal free-energy density functional which describes accurately the surface properties ofHguithe
temperature range<0T<3 K. Our results fo*He on the Cs surface give both the temperature dependence of
the contact angle and the wetting temperature in good agreement with the experimental findings. For the
“He/Rb system we find that a wetting transition on the Rb surface occlirs 4 K, whereas the experiments
show either wetting down t® =0 or a wetting transition ak~ 0.3 K. We suggest that this disagreement is due
either to an inaccuracy of the fluid-substrate potential used in our calculations or the consequence of substrate
roughness, which is known to affect the Rb surface, and whose effect would be to lower the wetting tempera-
ture. The sensitivity of the wetting transition to the He-surface potential is stressed for the He/Rb surface,
which may justify the controversial experimental findings for this system.

I. INTRODUCTION correctly predict a large variety of phase transitignstting,
prewetting, layering, etg.
The existence and nature of the wetting transitiah a In particular, a quite accurate description of the=0

temperature above the triple poifit (and below the critical properties of liquid*He has been obtained within a DF ap-
temperaturgis known to be the result of a delicate balanceproach by using the energy functional proposed in Ref. 13
between the interatomic potential acting among the atoms iand later improved in Ref. 14. This phenomenological func-
the liquid and the atom-substrate interaction poteftial.tional has been widely tested in a variety of problems involv-
When the latter dominates, the fluid tends to wet the surfacéng inhomogeneous phases of liquitle (surfaces, droplets,
Because of the extremely weak interaction between He afilms, etc),*'*'"and is known to give a good description of
oms, liquid “He in contact with almost any substrate spreadghe T=0 properties of the liquid-vapor interface and also of
to form a continuous film over the surface, so that vapor andome properties of liquidHe on various substratés® (for
substrate are never in contact, thus makfitde the ideal a thorough comparison between these and other functionals
wetting agent. used to describe liquidHe atT=0, see Ref. 20 A very

A remarkable exception to this behavior is found whenremarkable example of success of such theoretical frame-
“He is adsorbed on heavy alkali metal surfaces: due to theork is the prediction of the nonwetting behavior of liquid
large electron spill-out at their surface, alkali metals provide*He on heavy alkali metals at zero absolute temperéture.
the weakest adsorption potentials in nature for He atoms. In the present work we extend the theory of Refs. 13 and
Based on this observation, it was sugge¥fatat *He might 14 to finite temperatures and apply the functional to the
not wet some heavy alkali metal surfaces. Subsequent esstudy of wetting properties ofHe adsorbed on alkali metal
periments have confirmed this remarkable prediction. Actusurfaces. A preliminary account of this work has been pre-
ally, experimental evidence thatHe on a Cs substrate Sented elsewher@.

(which exerts the weakest attraction to He atpmehibits a A previous attempt to construct a semiempirical finite-
wetting transitiofi® at T,,~2 K has been collected. The temperature den5|ty-funct|or_1al fdHe has been reported in
results for*He on Rb are more controversial, since both aRef' 22. There, docal functional of the density was used

prewetting transition accompanied by complete wetting("e" vyhere the He-He Interaction terms correspond to an

down toT=0 K.? (this is analogous to triple point wetting attractive two-body contact forgewith a numper of param- .

and a wetting tr’ansiti 19 at 2 nonzerd..~0.3 K have been eters adjusted to guarantee the correct liquid-vapor coexist-
W% .

. ) ence. The agreement with the experimental surface tension
reported. On the more attractive substrate of potassium, wes liquid “He at saturated vapor pressure was also imposed
ting behavior has been observed for i+ 0.1

by construction. This functional has been applied to the

Numerical simulations have proven to be a very usefulsdy of the behavior of the liquid-vapor interface thickness
tool to study the wetting properties of fluids. In particular, 55 g function of temperatuf@.

density-functiona[DF) methodéz have become increasingly It is well known’23 however, that a local theory gives

popular in recent years because of their ability to describencorrect fluid structures in situations where the liquid is per-

inhomogeneous fluids and phase equilibria. A comparisofurbed on a microscopic scale, as it happens close to a solid
with “exact” Monte Carlo simulation results shows that, substrate. This failure is due to the zero-range nature of the
once the long-rangevan der Waalgattractive forces exerted Skyrme interaction used in Ref. 22, which completely ne-

by a surface on the gas atoms are included in the free energyects the short-range correlations associated with the inter-
functional, density-functional methods provide a qualita-atomic potential hard core.

tively (and most often quantitativelygood description of the For this reason, in our work we rather use as a starting
thermodynamics of gas adsorption on a solid surface angoint for our finite-temperature calculations tm®nlocal
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form of the density functional proposed in Ref. 14, where a The first term contains a two-body He-He pair potential
more realistic finite-range interactions between He atoms i¥,(r) (of the Lennard-Jones type, witt=10.22 K ando
included. Contrary to what happens with the local=2.556 A) screened at distances shorter than a characteristic
functional?? this nonlocal functional with parameters fitted lengthh, (V,=0 for r <h,), while the second and third terms

to bulk properties provides the correct asymptotic behaviogontainp(r), i.e., the average of the density over a sphere of

of the surface potential profile without amyl hocprescrip-

radiush,, and account for the increasing contribution of the

tion, which is a desirable feature in order to properly de-hard-core He-He repulsion when the density is increased.

scribe the liquid-vapor interface.

IIl. METHOD

In the density-functional approach the grand—canonical

free energy is considered a functional of the dengity):
Ol p1=Flpl—s [ drp(r), ®

where u is the chemical potential an8[p] is the free-
energy density functional. We propose to wiiitep] as

F=J fdr,

f= fquam[P] +findpl-

i)
where

3

The last term contains the gradient of the density at different
points and corresponds to a nonlocal correction to the kinetic
energy.

We remark at this point that the quantum kinetic energy
erm appearing in Eq4) (as well as in other phenomeno-
logical density-functional theories used to describe inhomo-
geneous’He) is derived from theotal densityp(r). How-
ever, as discussed in Ref. 25, a complete density-functional
theory of Bose-condensed liquids would rather involve func-
tionals of both the local density(r) and the local order
parameterd (r)=/p.(r), pc(r) being the local condensate
density. In particular, the counterpart of the first term in Eq.
(4) would be proportional to {y/p.)?. A rationalization of
why the simplified form of the density functional used here
(and in all other applications of DF theory to liquftHe as
well) leads to a satisfactory description of the surface can be
traced to the fact that the two quantum kinetic energy terms

The first term in the right-hand side takes into account thesoincide in the low density surface region, which is impor-
quantum kinetic energy and the free energy density of amant for the interface problems, whepg(r)~p(r).?°

ideal Bose gas,q:
2

fauane 57 (7 VP)?+ Cafig (4)

In the T=0 functional'* the free parametets, , c,, and
c3 were adjusted in order to reproduce the experimental val-
ues of the density, of the energy per atom, and of the com-
pressibility for bulk liquid *He at zero pressure, while the

with ¢, an adjustable parameters to be determined by thevidth | of the Gaussian functio® and the parameterg

fitting procedure detailed below.
The ideal-gas contributiori;,4 is given by (see, for in-
stance, Ref. 24

KgT
fid:PKBTln(Z)_FQS/Z(Z)a (5)

where \=\27#%/MKgT is the “He thermal wavelength
and the fugacityz is defined as

{1 if pA3=gqp(1)

z= .

zo if pA3<ggp(1),
where z, is the root of the equatiopA3=g3(2). In the
above equationg,(z2)==_,2'/I".

As in the original T=0 functional** f;,; accounts for

He-He interactiongin a Hartree-like fashionand for corre-
lations effects:

1
fim[p(r)]=§f dr'p(r)p(r")Vi([r—r'|)

+Zpp( T+ S0P

h? , , p(r)
—masj dr’'G(|r—r |)(1— ; )

XVp(I’)Vp(I")(l— pl()r,)).

Os

(6)

Os

and pgs in EqQ. (6) were adjusted to reproduce the overall
shape of the experimental static response function of bulk
liquid “He. For a detailed description of the various terms in
Eq. (6) we refer the reader to Ref. 14.

We follow the same philosophy at finite temperatures, i.e.,
we consider the free energy density of a uniform system (
=constant) as given in Eq&4) and(6) :

1 1 1
f=FIV=Sbp®+ 5 Cop*+ ZCap"+Cafia(p. T),  (7)
where
bzf drV,(r)=477f drr2v,(r) (8)
h

and minimize the grand potential with respecptto get the
chemical potential

3

of ) 4 3
M(P,T)E%:bPJF 5C2p" T 3Cap "+ Captiq 9

and the pressure
1 2 3 4
P(p,T)EpM—f=§bp +Cyop°+Capt+cyPig. (10

The ideal-gas contributions to the chemical potential and
pressure in the above equations arg=KgT In(2) and P;q
=KgTgs(2)/\°.
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TABLE I.  Density functional coefficients.
T(K)  p (A79) py (A79) b(KA% ¢ (KA®)  c3(KA?) Cq hi (A)
0.0 0.0218354 0.0 —719.2435 —24258.88 1865257 0.0 2.19035
0.4 0.0218351  0.44198#11) —714.2174 —24566.29 1873203 0.98004  2.18982
0.6 0.0218346  0.452619(8) —705.1319 —25124.17 1887707 0.99915 2.18887
0.8 0.0218331  0.133646(6) —690.4745 —26027.12 1911283 0.99548  2.18735
12 0.0218298  0.49533#(5) —646.5135 —28582.81 1973737 0.99666  2.18287
14 0.0218332  0.147996(4) —625.8123 —29434.03 1984068 0.99829  2.18080
1.6 0.0218453  0.346234(4) —605.9788 —30025.96 1980898 1.00087 2.17885
1.8 0.0218703  0.684096(4) —593.8289 —29807.56 1945685 1.00443  2.17766
2.0 0.0219153  0.119406(3) —600.8313 —27850.96 1847407 1.00919 2.17834
2.1 0.0219500 0.151732(3) —620.9129 —25418.15 1747494 1.01156  2.18032
2.2 0.0219859  0.188202(3) —619.2016 —25096.68 1720802 1.01436  2.18015
24 0.0218748  0.275044(3) —609.0757 —26009.98 1747943 1.02130 2.17915
2.6 0.0217135 0.383556(3) —634.0664 —23790.66 1670707 1.02770 2.18162
2.8 0.0215090 0.516536(3) —663.9942 —21046.37 1574611 1.03429 2.18463
3.0 0.0212593  0.676814(3) —673.6543 —20022.76 1535887 1.04271  2.18562

If p, andp, are the densities of vapor and liquftHe at

T=0 functional** fitted by Dalfovoet all* to the only ex-

saturated vapor pressure at a given temperafyrhen at

) =9l v isting experimental measurements, performedatl.1 K.
coexistence the equilibrium conditions

We wish to stress at this point that all unknown coeffi-
cients entering the free energy density functional of pure

u(p, T)=pulp,,T) (1D 44e are fitted to bulk properties, i.e., to properties of uniform
and systems. To include the interaction with the substrate, we use
a binding potentiaV¢(z) which describes the interaction be-
P(p,,T)=P(p,,T) (12)  tween the alkali metal, occupying the half spase0, and

one “He atom located at a distanzeabove the ideally flat

must be satisfied. surface.

By requiring_that equalitieg11) and (12 are satisfied The physisorption potentiaV(z) is taken in the form
when the experimental values pf andp, are inserted into  yiginally proposed in Ref. 27, i.e., as a sum of a Hartree-
Egs.(9) and(10) and, moreover, that the common value of Fock repulsion and a van der Waals attraction. Both terms
the chemical potentials in E¢L1) is equal to the experimen-  are parametrized with a set of coefficients. Very reliable val-
tal value at the same temperattfe, ues for the parameters enterikig(z) and describing the in-

_exp teraction of “He and other noble-gas atoms with alkali sub-
pp1 T)=pP(T), (13 strates have been calculated from first principfeShese
we get three equations relating the four adjustable coeffiPotentials have been used to calculate the wetting properties
cientsc,,C3,C,, andb. of rare gasesother than Hgon alkali metal surfacé$ and

As a fourth equation necessary to determine them comalso theT=0 profile of a droplet on the Cs surfateand
pletely at any temperature of interest we impose that théound to give predictions in reasonable agreement with ex-
calculated isothermal compressibility,Kip(dP/dp), re- ~ Periments for all these systems. _ o
produces its corresponding experimental value: The total free energy functional fdiHe interacting with

the substrate is thus
K(py, T)=KP(T). (14)

The fit has been carried out in the regiorc0<3 K,
which is the most interesting for the wetting properties of
“He we want to investigate. Ont¥ T) has been obtained by
solving the system of four equations described above, the According to density-functional theory, the equilibrium
quantity h,(T) can be easily calculated by numerically in- density profilep(r) of the fluid in the presence of the sub-
verting the relation8). In this way all coefficients entering Strate can be determined by applying the variational principle
the functional(6) are determined. The calculated coefficients
are shown, for some selected temperatures, in Table I. 59/5m:0

to get the Euler-Lagrangian equation

(1= 0ud o]+ [ drpvia. a5

16
The three additional parameters entering the gradient- (19

dependent term in Eq6) (I, a5, andpgs) may be fixed to
reproduce the static response function of bulk liqdide.
Since the experimental information for the temperature de-
pendence of this quantity is very limited, for all temperatures
in our calculations we used the same values as those of the

2

h
- mVZJr Ulp(N]+V«(2) [Vp(r)=pp(r), (17)
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where the effective potential is defined asU[p(r)] 0.025
=6[[cyfig+fin]dr’'/8p(r) and the value of the chemical
potentialu is fixed by the normalization condition

0.02
f drp(r)=N, (18
0.015
N being the total number ofHe atoms. i‘
Ill. RESULTS AND DISCUSSION = o.01

Wetting or nonwetting is determined by surface tension
balancing. The intersection of a macroscopic liquid droplet 0.005
with a solid planar substrate can be characterized by the con-
tact angle®: it goes to zero a3 approached,, and remains

zero at all higher temperatures, where the liquid wets the o lEmmEEATA ) L
substrate. Below the wetting temperature, the contact angle 15 20 25 30 35
is determined by balancing the forces acting along the con- z ()

tact line and depends on the interfacial tenSio‘]SbetW?en FIG. 1. Calculated*He density profile near the liquid-vapor
each pair of coexisting phases through Young-Dupre’s equdgieiface. Solid lineT=0 K; dotted line:T=1.5 K; dashed line:
tion T=2 K; dash-dotted lineT=2.5 K.

Og,— O . . )
cos@=—2 2 (190  the wetting behavior off coexistence, where one needs the

v chemical potential as a function ofto study the occurrence
of prewetting transitions, etc.

If one is only interested at the system behavior at coex-
istence, however, one could alternatively fix from the start
the value of the chemical potential at its bulk value and
proceed with the self-consistent minimization without pre-
- - _ : ; serving the areal density. For sufficiently large cdilg.,
ing Eq. (17) (with V=0) with the appropriate boundary when finite-size effects may be considered negligilire

conditions, corresponding to a planar liquid film in equilib- ) .
rium with its own vapor. In this case the solution dependstwo approaches give the same results. Despite the fact the

only on the coordinate normal to the surface, and provides latter gpproagh IS more eff|q|e!(1te:, a smaller ““.’“bef of
the equilibrium density profile(z). steps is required for the minimization of the functionave

Our calculations are performed within a region of Iengthhave chosen to follow the first scheme, which has the advan-
Z,. In a typical calculation we start by considering an initial tage of prowdmg a_useful check on the overall'cpn'5|st.ency
density configuratiorpg(z) which mimics a liquid film in of th_e calculations(it of the Pparameters and minimization
contact with its own vaporusually we choose a double- algorithms. In fact, the chemical potential and the liquid and

stepped profile with liquidlike density at the center and muchvapor densities far from the interface region, obtained as an

lower values at the boundarjed his defines an areal density output of the.calcula}tlon, shou_l_d reproduce the experimental
z o . . values used in the fit. We verified, in any case, that the two
n=N/A= [ "po(2)dz, and an initial effective potentidl to

] ! R i approaches give values of the surface tension, which is the
be inserted into the minimization E¢L7) which must be  mqre sensitive quantity to the details of the calculations, with
solved iteratively to self-consistency. At any step of the selfyg|ative differences not exceeding 0.1-0.2%.
consistency cycle, the solutiop(z) is normalized to the Rather large values df, and of the film thickness; are
value of the areal density: [("dzp(z)=n. The calculated necessary in the present case for well converged calculations
chemical potentiak corresponding to the chosen valuerof (typically z,~200 A andt;~150 A), in order to let the
is then the eigenvalue of E¢L7) at self-consistency. system spontaneously reaghthe liquid bulk density in the

By increasing the slab thickness angto allow that both  interior of the film and(ii) the vapor bulk density in the
the liquid and vapor phases develop a bulk behavie:, region outside the film. In Fig. 1 we show some selected
constant densitiesfar from the liquid-vapor interface, the density profiles close to the liquid-vapor interface. A detailed
chemical potential gets values slightly below, but very closeanalysis of the resulting density profiles shows that the width
(1-2 mK in a typical calculation to the bulk coexistence of the interface increases monotonically with temperature. A
value: these slight differences are expected due to the finiteomparison of our results with those obtained in Ref. 22
size of the system, and decrease extremely slowly by increagdicates also that the thickness of the liquid-vapor interface,
ing z,, beyond a certain length. This way of proceeding isat a given temperature, is slightly smaller than that obtained
useful in determining the minimum cell dimension and film from the zero-range functional of Ref. 22. This result is also
thickness which allow for this bulk behavior, and thus give ain agreement with the behavior found B0 (see, for in-
converged value for the surface tensions. stance, Fig. 4 in Ref. 20

This (i.e., fixing the areal density and calculatipg is From the calculated equilibrium density profiles one can
also the approach that one must follow in order to determinelirectly compute the liquid-vapor surface tensiep , from

The subscript$, v, ands identify the liquid, vapor, and solid,
respectively. We have calculated the interfacial tensiss
entering Eq(19) at selected values dfby using the density-
functional method described in the previous section.

We first studied the liquid-vapor interface 8ifle by solv-
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FIG. 2. Surface tension of liquidHe. Dots: calculatedr,, ; FIG. 3 Equi_libri_um density profiles used to C‘T’“CUI@@ (upper
squares, diamonds, triangles, and crosses show the experimen?éﬁrve’ t\,N'tT solid ling, and o5, (lower curve, with dotted ling
results from Refs. 30—32, and 33, respectively. Lines are only gespectively.

guide to the eye. . . .
the external potentiaV/y(z) appropriate to the alkali metal

i _ . substrate. For selected values of the temperatyunee get
the definitiono = ({2+ PV)/A. HereP is the saturated vapor the structure of the solid-vapor and solid-liquid interfaces by

pressure at temperatufeV is the volume of the system, and inimizing the grand-potentiall5) subject to the additional
Ais the surface area. For the one-dimensional problem consgnsiraint that the density in a large region between the two
sidered here, one can write surfaces(where bulk behavior is expectei equal respec-
tively to p, andp,. The corresponding surface excess ener-
mp(Z)dZ+ sz) . (20) gies per uniF area = (QA+PV)/(2A) are the solid-vapows, _
and the solid-liquido, surface tensions. Of course the dis-
tance between the two confining surfaces must be such that
The pressurd® can be conveniently calculated from the the calculated values ef,, ando, do not change by further
definition P=[up,—f(p,)1=[upi—f(p))], p, and p; be- increasing their separation. We show in Fig. 3 the equilib-
ing the experimental densities for bulk liquid and vapor, re-rium density profiles of*He confined between two Rb sur-
spectively. A factor 1/2 appears in the previous equation tdaces, afT=1.4 K. The solid line shows the density for the
account for the two free surfaces delimiting the liquid film in liquid phase confined between the surfaces, the dotted line
our “slab” calculations. (which is rescaled for clarity by a factor B8hows instead
The dependence of the liquid-vapor surface tension othe vapor density profile. The profiles shown correspond to
“He on temperature has been extensively investigated in thae areal densities,=3.13 A2 andn,=4.60x10 2 A2,
past. Surprisingly, the absolute valueaqf, at T=0 remains respectively. Note the oscillations of the liquid density close
poorly known: predictions from different groups give valuesto the surface, due to close-packing effects. We have
for o,(0) differing by up to 6%6°33Our calculated values checked, by means of similar calculations with different cell
are shown in Fig. 2, where they are compared with the availsizes, that at least 150 A must separate the two attractive
able experimental data. The overall agreement is quite satisurfaces so that the two fluid-solid interfaces are effectively
factory, given the fact that our functional has been fitted todecoupled and the calculation gives a converged value for
reproduce*He bulk properties only. Note also that the kink the surface tensionsg and o, .
(barely visible in the experimental data at the temperature According to Eq.(19), wetting of a surface occurs at a
corresponding to th& pointT,=2.17 K appears also in our temperaturél,, such that
calculatedo,, and reflects similar kinks appearing close to

Z

0

o=(1/2>( | "to@ae-n

T, in the bulk gquantitiesdensity, chemical potential, and Og— Ts|= 0 - (21)
compressibility used to fit the coefficients entering the free
energy(3). In Fig. 4 we show the behavior of the two sides of Eq.

We next turn to the problem of liquiiHe in the presence (21) as a function of temperature, for three different alkali
of a solid surface. The two additional surface tensions  surfaces. A common feature of the curves fog,— oy
and o required to obtain the contact anglefrom Eq.(19) shown in Fig. 4 is their rather weak temperature dependence,
are calculated within our density-functional approximationas indeed observed in experimefftMoreover, o, is al-
by using different boundary conditions from those used towvays much smaller thaw,, as can be seen in Table I,
calculate o, . We confine the fluid between two parallel where the two surface tensioes, and o, for “He on Cs
surfaces, separated by a distance large enough to avoid aaye shown separately for some selected temperatures. Our
compression effect. The two surfaces act on the fluid withpredicted wetting temperature for Cg,~2.1 K, is in good
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FIG. 4. Calculated surface tensions for thde/alkali systems. (K
Squares:oy, ; dots, diamonds, and crosses show,(— o) for FIG. 5. Temperature dependence of thée/Cs contact angle:
4He/Cs, *He/Rb, and*He/K, respectively. The set of points labeled squares: this work; triangles, dots, and crosses show the experimen-
Rb* are obtained by using a modifigtHe/Rb surface interaction, tal results from Refs. 34, 36, and 8, respectively. Open and filled
as explained in the text. Lines are only a guide to the eye. dots, from Ref. 36, refer to two differently prepared Cs surfaces.

line is advancing or receding. For relatively homogenous
surfaces, however, it has been shown that the advancing con-
tact angle is a good measure of the equilibrium contact angle,
S0 we compare our results with the experimental values for
that quantity. The contact angle f6He on Cs surfaces has
een measured by different groups in recent years by using
different technique&34~3¢ In Refs. 35 and 36 the contact
angle is measured by direct visual inspection of macroscopic
d(_jroplets of superfluid*He on a Cs surface. In Ref. 34 the
contact angle is obtained by means of direct optical measure-
Jgents using interferometric techniques, whereas in Ref. 8 it
we are imposing the additional constraint that the value of° measured, much_ more indirectly, from the reduction in
pressure due to capillarity, when an array of parallel tungsten

the density in the middle of the cell does coincide with the . . . . g

bulk density, thus enforcing the stability of an otherwise un_plates coated with Ces!um are |mmersed Into l'qﬂﬂb.' Our
stable state. If this constraint is relaxed, the final conﬁgura-resyltS are compared in Fig. 5 with the aforementloned ex
tion will be either a wet or incomplete wet profile, depending perimental da_ta. The qverall agreement with the results from
on whetherT is above or below,, . Refs. 34-36 is satisfying, although a strong discrepancy ex-

We show in Fig. 5 the temperature dependence of théStS with the data pf Ref. 8. . o
contact angle for théHe/Cs system as obtained from our At variance with the overall satisfactory quantitative

calculations, together with the available experimental data?9r€€ment we get for théHe/Cs system, our predictions

Althouah th ilibri le i Il defi égemg to be wrong for théHe/Rb system. We believe that
though the equilibrium contact angle is a well defined this disagreement is probably due to the fact that our as-

thermodynamic quantity, measurements of this quantity in- i f a riaid and ol bstrat far f bei
variably show a strong hysteretic behavior, i.e., the measure mptions of a rigid and planar substrate are far from being
tisfied in this case. Impurities or roughness, in fact, are

value of the contact angle depends on whether the conta@f‘ )
always present on the surface, as indicated by the strong

hysteretic behavior of the contact angle observed in all ex-
periments when studying advancing or receding contact
lines. This condition may be particularly severe in the case of
the Rb surface, where defects and roughness are known to be

agreement with the experimental vallig~2 K. Also in the
case of “He on K our calculated results shown in Fig. 4
agree with experimentsindicating wetting at anyr>0. On
the contrary, for Rb our calculations predict a wetting tem-
peraturel,,~ 1.4 K, in marked disagreement with the experi-
mental findings which show instead either complete wettin
down toT=0° or a wetting transition aT,,~0.3 K°

We remark that the portion of curves above thg are
strictly speaking unphysical, since in that region the sprea
ing pressurer;, — og,+ 0 is negative, implying thermody-
namic instability. We can actually get these states becau

TABLE II. Surface tensiongin dyne/cn for the “He/Cs sys-
tem.

T(K) Ogy s

present to a larger extent than on the surface of Cs.
1.00 —0.0003 —0.3335 The heterogeneity of the substrate is known to promote
1.25 —0.0011 —0.3349 wetting, i.e., leads to values of,, — o higher than for an
1.50 —0.0027 —0.3381 ideal substrate. In the case 8fle on Rb, as apparent from
1.75 —0.0053 —0.3396 Fig. 4, an increase afs,—o would shift the wetting tem-
2.00 —0.0091 —0.3401 perature towards lower values, as indeed found in experi-
2.10 —0.0109 —0.3406 ments.

The characterization of the wetting behavior of superfluid
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helium on rough surfaces is a very difficult task. The qualitythe occurrence of density profiles where different interfaces
of the substrates used in the experiments cannot be detdiiquid-solid, liquid-vapor or solid-vaporare simultaneously
mined at lengthscales smaller than optical wavelengths. Thpresent(see, for instance, Ref. 400ne could then infer
theoretical description of the effects of heterogeneities is alswetting vs partial wetting behavior from the occurrence of
challenging. Only few theoretical results are available on thesither symmetrigtwo solid-liquid plus two liquid-vapor in-
effect of microscopic disord&r® on the wetting properties terface$ or nonsymmetri¢one solid-liquid plus liquid-vapor

of fluids adsorbed on weakly attractive surfaces. plus vapor-solid interfacesprofiles.

The effect of model disordgion an atomic scajeon the This is not, however, a very efficient way of looking for
wetting properties of Ne on the Mg surface has been studiethe wetting transitions for several reasons. First of all, it may
by Curtaroloet al3” One interesting conclusion contained in takes quite a long time to reach, starting from some arbitrary
this paper is that roughness destroy the discontinuous natuggnsity profile, the equilibrium configurations where mul-
of the v_vetting transition,_ even if a trace of discontinuitiestime interfaces are present. It has been also féUtidt, due
remain in the calculated isotherms. _ _ to finite-size effects, an asymmetric profile which is the sig-

In Ref. 38 a Lennard-Jones fluid and its wetting properties,q of incomplete wetting is intrinsically more stable than a

on molecularly rqugh surfaces have been s.tudied by USInQymmetric profile(complete wetting even at the thermody-
molecular dynamics. Contrary to the conventional belief thatn mic conditions where wetting should occur. Even if these

surf_ace roughness reduces the contact angle thus making_sli e effects can be made negligible, as a consequence of the
easier to wet a rough surface than a smooth one, the surpris. ’

ing conclusion of this work is that the contact angle is IargerI st-order nature of the wetting transition a large hysteresis
for the rough surface than for the smooth one in the shape of the density profiles with temperature is ex-

In order to have further insight into this important issue,peCted’ implying for ipstance a large interval of tempgrature_s
we are currently investigating the effect of a realistic distri-Wnere both symmetries may be observed, thus making diffi-

bution of microscopic disorder on the wetting transition of CUlt to locate the wetting temperature.
“He on the Rb surface within the density-functional ap-
proach described her.

An alternative explanation for the disagreement with the IV. SUMMARY

experiments for théHe/Rb system is that the He-Rb surface We have extended to finite temperatures the nonlocal den-
potential used in our calculations is inaccurate. Our overes- P

timate of the wetting temperature would be a sign, in thisSY functional proposed in recent years to describe e

. _ 13,14 . . .
case, that the calculated potential is slightly less attractivé;l’rc’pert'es aff=0,~""and studied the wetting behavior of

than required to provide a result closer to the experimenta/He adsorbed on alkali metal surfaces. The density-
one. functional depends on a number of temperature-dependent

We have thus tried a modified He/Rb surface interactiorPhenomenological parameters which are adjusted to repro-
by changing slightly the two parameters entering the repulducebulk experimental properties of liquiHe at saturated
sive part of theab initio potentialV4(z) describing the He- vapor pressure. We find that the resulting functional de-
surface interaction. The modified potential, has a minimunscribes accurately the properties of the liquid-vapor interface
of depthD=0.661 meV located at,,;,=8.46a,, to be com-  of the free *He surface. In the presence of an external po-
pared with the valueB =0.629 meV and,,,;,=8.60a, ob-  tential simulating a planar, solid surface whose binding prop-
tained with the original parameters. Such a tiny variation inerties reproduce those of alkali metal surfaces, it also accu-
the adsorption potentia{5% increase in the potential well rately reproduces the properties of tHéde/Cs system,
depth has quite a large effect on the He/Rb wetting temperagiving the temperature dependence of the contact angle in
ture, as can be judged from the curve labeled RbFig. 4.  good agreement with experiments. The contact angle van-
With this modified pOtential the Wettlng transition moves ishes afT~2.1 K, in agreement with the experimenta| mea-
very close toT=0, as in the experiments. Interestingly, in syre for the wetting temperatur&~2 K. For “He on a K
this case the curve o (T) almost coincides with the curve gyrface, we find wetting at all nonzero temperatures, as
o1,(T) for arange off values, between 0 and 0.3—-0.4&  found also in experiments. FdHe on the Rb surface, how-
such temperatures the contribution, is negligible in our  ever, our calculations fail to reproduce quantitatively the ex-
approximations This could provide a reason for the differ- periments, indicating a wetting transition &t-1.4 K. The
ent experimental estimates of the wetting temperaeiteer  giscrepancy with experiments could be either due to our ne-
T=0 or T~0.3-0.4 K by different groups: in the region glect of surface inhomogeneities, which are known to be
where the two curves almost overlap their slope is verypresent on this surface to a larger extent than on a Cs surface,
small, and thus small variations in the quality of the substratgyr to some inaccuracy in the theoretical determination of the
may result in rather different wetting temperatures. More-syrface-adatom potential used in our calculations. If this is
over, this could also suggest a different character of the wehe case, our results indicate that the correct potential should
ting transition for He/Rb, since similar slopes 0 (T)  be slightly more attractive than currently believed.
and o, (T) imply a small discontinuity ird cos@®)/dT, i.e.,
a quasicontinuous transition.

Finally, we observe that in principle one could use an ACKNOWLEDGMENTS
alternative approach to study the wetting transition which
does not require the explicit calculation of the contact angle, We thank M. Barranco, M. W. Cole, G. Mistura, and L.
i.e., by varying the temperature of the system and looking aBruschi for useful comments and discussions.
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