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Many-body effects on the surface tension of inert fluid-substrate interfaces
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A simple, often employed expression for the interfacial tension of inert fluid-substrate interfaces
is improved using the Dzyaloshinskii-Lifshitz-Pitaevskii formalism. The expression is analyzed in
terms of many-body effects, and better estimates for both surface tensions and wetting temperatures
emerge. Numerical results are given for a variety of substrate-adsorbate systems.

I. INTRODUCTION

There has been striking recent progress in our under-
standing of wetting phenomena, initiated by the theo-
retical prediction!'? and nearly immediate experimental
verification® 7 of nonwetting of Cs by *He, and by subse-
quent discoveries of wetting transitions in this system as
well as that of H, on Rb.® The theoretical ideas have more
recently been applied to predict wetting transitions in he-
lium isotopic mixtures® and in rare gas adsorption!® on
a variety of substrates. Their success can be attributed,
as shown here, to a simple and physically reasonable way
of approximating the 4He-Cs surface tension, producing
results that are in good agreement with the values cal-
culated from more involved density-functional theories.!
We begin by stating the assumptions that go into the
theory of Refs. 1, 2, and 10. Subsequently, we derive
improvements to the theory through a better treatment
of dispersion forces equivalent to the inclusion of many-
body effects.

In Refs. 1, 2, and 10, the inert-fluid (adsorbate)-
substrate surface tension is assumed to be a sum of the
adsorbate-vacuum surface tension, the substrate-vacuum
surface tension, and a correction term. It is assumed that
the presence of the adsorbate has no effect on the atomic
arrangement of the substrate, assumed completely in-
ert. In this case, the substrate-vacuum surface tension
is well defined and is merely a constant in the substrate-
adsorbate free energy. The correction term is calculated
from the potential energy of individual atoms in the pres-
ence of the substrate. The potential produced by the sub-
strate consists of an attractive van der Waals piece and a
repulsive piece, which prevents the adsorbate atoms from
getting close to the substrate. The potential energy of an
atom at a distance z above the substrate is given by

G5, Co

V(z) = -2+ 22, (1)

where C3 and Cgy are tabulated for various substrates
and inert gas atoms in Ref. 11. C35 can be calculated in
terms of the substrate dielectric function ¢,(i¢) and the
polarizability of the atom «a(i{), both evaluated at the
imaginary frequency (. It is given by
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where p(T') is the number density of the adsorbate atoms
and the frequency wy is given by

wn(r) = 00D [T a0k @)

The potential energy of substrate-adsorbate interaction,
assuming additivity of atom-substrate interaction, and
using a step function density profile for the adsorbate
pa(2) = p(T)6(z — do), where z is the distance from the
substrate, is seen to bel2

[ o@v@s = 1) (22300) T W

do

The distance dy in the step function is the minimum
of the potential that appears in Eq. (1). The final ex-
pression for the substrate-adsorbate surface tension g,
is then

1/3
8C% ) / )

Osa = Ogvac + Cavac — P(T) (24309
in which ogvac and oavac are the substrate-vacuum and
adsorbate-vacuum surface tensions, respectively.

The original theory given in Eq. (5) is crude, but strik-
ingly accurate in its prediction of the wetting tempera-
tures of light adsorbates. This is seen in its comparison
in Ref. 1 with the results of a detailed density-functional
theory calculation and in its accurate prediction of the
wetting temperature of H, on Rb.® The present work pro-
vides a correction that is significant for denser rare gases.
This theory is more sophisticated than the original one
in that fluid-fluid interactions are better accounted for.

We point out that though the earlier work! does not
explicitly note that Eq. (5) approximates the adsorbate-
substrate surface tension, we see that this indeed is the
case because Eq. (5), when used in the general wetting
condition

Osy = Oga + Oay, (6)

where 0,, and o, are adsorbate-vapor and substrate-
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vapor surface tensions, respectively, gives

804 1/3
202 = p(T) (243(3)9) ’

which is the specific wetting criterion obtained in that
work. In obtaining Eq. (7), we have assumed that vapor
is very dilute, so that the number density in vapor phase
is approximately zero and have set 0ayac = 0ay. These
assumptions were also made in Refs. 1, 2, and 10.

While the above method works well for a dilute ad-
sorbate, it is clear that additivity of atom-substrate en-
ergy will not be a good approximation at higher densi-
ties. In Sec. II of this paper, we develop an improved
method to calculate the dispersive (van der Waals) con-
tibution to surface tension, using the Dzyaloshinskii-
Lifshitz-Pitaevskii'® (DLP) formalism, which does not
assume additivity of atom-substrate interactions. The
following section deals with the comparison of the results
from the earlier and current approaches, with emphasis
on elucidating the importance of many-body effects in
the dispersive part of the surface energy and demonstrat-
ing that they lead to increases in wetting temperatures.
Finally, we conclude by explicit calculation of these in-
creases for Kr and Xe on LiF.

(7)

II. IMPROVED CALCULATION
OF THE SURFACE TENSION

As before, we assume that the adsorbate-substrate
surface tension is the sum of adsorbate-vacuum surface
tension, the substrate-vacuum surface tension, and a
correction term that has been divided into dispersive
and nondispersive contributions denoted by ¢9P and
gPondisP  regpectively. We now discuss the calculation
of dispersive part of surface energy assuming the den-
sity profile p,(z) = p(T)0(z — do) as before, but where
the distance dp is yet to be determined. Let us assume
that the substrate and adsorbate are characterized by
dielectric functions €,(w) and €,(w), respectively. The
dispersive part of the surface energy is the free energy
G(l = do) of the normal photon modes of the configura-
tion shown in Fig. 1, where the adsorbate and substrate
surfaces are separated by a vacuum of thickness /, minus
the free energy G(I = oo) of the normal modes at infinite
separation. This is given by!3

. ksT <, [ 2¢n)?
disp _ B 1) 45n
7 8w Z { c }

< [ " pdp(In{[1 — A exp(~2pCado/c)]
x[1— Aexp(—Zando/c)]}), (8)

in which the prime means to use 1/2 the value of the
summand for the case n = 0, and where
$n = n(2mkpT/h), 9)

A_ (51=P)s2—p) & _ (51— pes)(s2 — pea)
(1 +p)(s2+p)" ~  (s1+Pp€) (52 +pea)’

81 =€ —1+p2, 83 =+/€, — 1+ p2.
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FIG. 1. Sketch of the adsorbate characterized by dielec-
tric function €,(w) separated a distance ! from the substrate,
which is characterized by dielectric function €;(w). The dis-
persive part of the surface tension is the free energy of pho-
ton normal modes, when ! = do minus the free energy when
l = oo.

£g(®)

In the limit that dg <« A, where Ao is a length scale
typically of order 100 A,1¢ determined from the absorp-
tion spectra of the adsorbate and substrate, the above

expression simplifies to!3:14
. b, (T C!o(T
ohP = — 16;£d§ = - 32’;(3 ), (10)
where
[ [eali€) — 1][e, (i) — 1]
wi(T) = A [ea(i€) + 1][€,(3¢) + 1] dg. (11)

Since do is typically less than 10 A, the approximation
holds. Equation (10) defines C} in terms of wq.

The nondispersive part of the surface energy comes
from the repulsive interaction at distances of the order
of a few atomic layers closer to the substrate adsorbate
interface. Since this interaction is very short ranged, we
assume it to be the integrated atom-substrate interaction
to get

non-disp _ _fﬂi)_gg .

(o4
88

(12)

We choose dj so that, in the dilute limit, we get the result
obtained earlier. This value of dy, given by

243Cy\ /¢
leads to the expression
80/4 1/3
Osa = Ogvac + Tavac — P(T) (24329) ) (14)

for the adsorbate-substrate surface tension, and a new
wetting criterion,

14 1/3
803) , (15)

20ar = p(T) (24309
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emerges, replacing Eq. (7).

The dispersive part of the surface tension is always less
than zero, because w; is always greater than 0, as €(i¢) >
1 for all ( > 0 for all media. Consequently, the surface
tension is determined by the competetion between the
repulsive and attractive parts, as was the case in the
earlier approach.

III. MANY-BODY EFFECTS
ON THE SURFACE TENSION

The simple model for surface tension given in Eq. (5)
ignores many-body effects as it is obtained by integration
of atom-substrate interactions. However, the current ap-
proach, leading to Eq. (14), contains many-body effects
that can be examined in interesting detail. These many-
body effects originate primarily from the dispersive part
of surface tension, which is due to long-ranged interac-
tions, in contrast to the nondispersive part, which is due
to interactions essentially confined to within a few atomic
spacings of the interface.

Comparing w; and wg, we see that there are two differ-
ences: (a) the factor ¢, —1 that appears in the numerator
of the integrand for w; has been replaced by 47 pa in wg
and (b) the factor ¢, +1 that appears in the denominator
of the integrand for w; has been replaced by 2 in wq.

Approximation (a) ignores the polarization of the ad-
sorbate medium, which can be dealt with by using the
Claussius-Mossoti relation to get €, — 1 in terms of the
polarizability of a single atom. Approximation (b) holds
ife, —1 kK 1, for all ( > 0. We now show that these ap-
proximations amount to ignoring substrate-mediated in-
teractions between adatoms. According to the Clausius-
Mossoti relation, the atomic polarizability is related to
the dielectric function by

cali) =1 _ 4mp(T)

s = g ali0). (16)
Using the above expression, we write
6a(iC) —1 _ K’(”’C) (17)

€a(iC) +1  2[1+(iC)/6]’

where £(¢¢) is an expansion parameter defined as k(i) =
47p(T)a(i¢). This enables us to develop a series for (e, —
1)/(€q+1), in terms of x(z¢), which when used in Eq. (11),
we get

_ 1 [Te(i¢)—1
“r=wo 1o € (iC) + 1

12 ,
M;&(i()dc) 4oenel

o (/w el(i€) ¥ 1

wp turns out to be the leading term in the expansion pa-
rameter. The term that is second order in the expansion
parameter can be written as

1 [Ce(E)—1 ,,. _ 4n®p*(T)
), g = T

K2 (i¢)d¢

(18)

(19)

11473

where C;; is a coefficient that appears in the McLach-
lan theory'® of substrate-mediated interactions between
adatoms. The higher order terms likewise arise from
three or more body interactions involving adatoms and
the substrate. The expansion is similar to one done by
Cheng and Cole'® to make a connection between the DLP
and Frenkel-Halsey-Hill theories for multilayer film ad-
sorption.

It can further be seen from Eq. (17) that (e, —1)/(ea +
1) is less than (i()/2, so that the integrand in Eq. (3)
is always greater than the integrand in Eq. (11), which
implies that w; is always smaller than wg. In order to see
the importance of the many-body effects, we calculate
the ratio wo/wi. Table I shows this ratio for inert flu-
ids adsorbed on commonly used substrates at their triple
points. We remark that at temperatures above the triple
point, the density decreases and the many-body effects
are of lesser importance.

In performing the calculations for Table I, we use
Eq. (16) for the adsorbate dielectric function, where the
polarizability has the simple one-resonance form,

(&74]

a(i¢) = T+2ju? (20)

For the substrates, we similarly use the standard one-
resonance form,

w2

oy P

alit)=1+ 2+ w2’
in which w, = 0 for metals. All the data for w, and w,
were taken from Sabisky and Anderson.'® The quantity
o was taken from Cheng and Cole.'® From Table I, we
see that many-body effects are less than 1% for *He, 2%
3% for Ne, 5%—6% for Ar, 6%-9% for Kr, and 8%-10%
for Xe.

For completeness, we now estimate the magnitude
of the substrate-mediated interaction between adsorbate
atoms due to nondispersive forces. As a concrete exam-
ple, we consider Xe adsorbed on Au. The adatoms in the
first layer are polarized, due to charge overlap with the
substrate, and the resulting dipole moment is given by
p = —06¢/(4nN), where 6¢, the change in the work func-
tion of Au, was measured as!? 0.52 V for Xe with cover-
age N = 0.059 A~2 (ML). The magnitude of the dipole-
dipole interaction per atom between adsorbate atoms in-

duced by the substrate is given by 1/2 f;o ‘:—:N27r7‘dr,

where d = N~1/2 js 412 A. The magnitude of this sub-
strate induced interaction is calculated to be 1.4 meV,

(21)

TABLE I. The ratio wo/wi for inert fluids at their triple
points on some commonly used substrates.

Substrate/Fluid ‘He Ne Ar Kr Xe
Na 1.0091 1.030 1.067 1.085 1.103
MgO 1.0077 1.025 1.053 1.067 1.083
Si 1.0081 1.026 1.056 1.071 1.088
LiF 1.0076 1.024 1.052 1.066 1.081
AlzO3 1.0078 1.025 1.054 1.068 1.082
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whereas the magnitude of the repulsive interaction of Xe,
with Au given by Cy/d3, is calculated to be 103 meV. The
many-body effects, due to nondispersive forces, therefore,
are estimated to give rise to a 1% correction to the sur-
face tension, which is considerably smaller than the 10%
correction arising from the dispersive forces for Xe.

Finally, for classical inert fluids (Ar, Kr, and Xe), if 7%,
and T, are, respectively, the wetting temperatures with
and without including many-body effects, use of the old
and new wetting criteria, leads to

Oav(Tw)p(TL,) (Cs(Tw) ) 4/3

oar(T)p(Tw)  \C5(T)

(22)

The surface tension and the density appearing in Eq. (22)
can be written in the form!®

Tav(Tw) (Tav(Ty,)) = 03 (£21), (23)
p(Tw)(p(Ty)) = p°tu” (5),

where t,,(t,) = [T. — Tw(T.,)]/Te, T is the critical tem-
perature of the inert fluid, 2v ~ 1.14 (Ref. 20) is the
critical exponent for the surface tension, and 8 ~ 0.35
(Ref. 20) is the critical exponent for the density. ¢° and
p° are constants that are tabulated for various classical
fluids in Ref. 17. It has been shown!? that the density and
the surface tension are well described by the expressions
given in Eq. (23), over the temperature range extending
from T, to the triple point. Using Eq. (23) in Eq. (22)
we obtain

tw (wo(Tw))4/3(2u+ﬁ/3)

24
o = o , (24)
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from which one can calculate the wetting temperature,
including many-body effects. Since wyg is always greater
than wq, t,, will be greater than ¢,,, which implies that
wetting temperatures are increased when many-body ef-
fects are included compared to the wetting temperatures

obtained earlier.1®

IV. SUMMARY AND DISCUSSION

By evaluating the magnitude of many-body effects in
surface tension, we have shown that they are small for
the lighter inert fluids, but can be more important in
the heavier ones, with up to a 10% change in wp, and
hence Cj3, found for Xe. For substrates for which the
wetting temperatures are close to triple point, the many-
body effects give rise to a substantial increase in wetting
temperatures. For example, using Eq. (24), we find that
the wetting temperature of Xe on LiF is increased by
7 K, compared to its value of 170 K predicted by Cheng
et al.,'° while the wetting temperature of Kr is increased
by 4.5 K for the same substrate compared to the earlier
prediction'® of 120 K.
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