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Wetting of Solid Surfaces by a Structured Simple Liquid: Eff'ect of Fluctuations
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A smecticlike structure of a simple liquid adjacent to a solid surface gives rise to an attenuating oscil-
lating potential in which the free surface of the film fluctuates. These capillary fluctuations lead to criti-
cal wetting phenomena of an earlier unknown origin. The corresponding wetting, layering, and surface
melting criteria are obtained by the renormalization-group technique.

PACS numbers: 61.20.Ne, 68.15.+e, 68.45.Gd

If vapor pressure p increases close to the saturation
value pp(T), a liquid film appearing on a solid surface
grows in thickness either continuously, or through first-
order layering transitions (LT), h &+do, where h and

do are the film and monolayer thicknesses, respectively.
As p po, the film thickness may either unlimitedly in-
crease (h~ ee) or remain finite. The former behavior
means complete wetting (the wetting angle 8=0), while
in the latter case the wetting is incomplete and the film

may coexist with macroscopic droplets. The incomplete
wetting is transformed into a complete one at a wetting
transition (WT) point '. T=T, p =po(T„). At the tri-
ple point, T„a surface of a solid may be completely wet-
ted by its melt; in this case surface melting (SM)
occurs.

To describe the wetting by a dense liquid (i.e., the
melt) full account of its pronounced layerwise short-
range order must be taken. This short-range order pro-
vides partial molecular ordering of the liquid at a solid
surface. The order of the first layer is induced by the
wall, the reduced order of the second layer is induced by
the first one, and so on. Thus the solid wall generates
in the adjacent liquid a smectic density wave: An(z)
icos(ktz)exp( z/gb). Here z is —the coordinate nor-
mal to the wall, and k~ and gb are the abscissa and in-
verse half-width of the main peak of the bulk liquid
structure factor, respectively. No monotonic density
wave is excited in a dense liquid, since k=0 corresponds
to the minimum of its structure factor, i.e., to the max-
imum of energy.

Substituting An(z) into the free-energy density func-
tional of the film having thickness h, one obtains the po-
tential of interaction between the film-vapor and film-
solid interfaces:

posing the film. The second term is

V2(h) ~An(h) ceexp( —2h/gt, );

the higher harmonic cecos(2kth) is irrelevant in the
renormalization-group (RG) sense. The ordering in-
creases the free energy of the liquid-vapor interface (free
surface energies of crystals are greater than those of the
corresponding melts); thus b & 0. Since the only energy
scale of the density functional is T, one has a, b =O(T);
T is expressed in energy units.

The smectic structure of liquid films manifests itself in
oscillations of disjoining pressure (CC14/Si02), in the
tangential mobility of electrons suspended upon the He
film surface, and in layering (ethylene/graphite). s It
should be stressed that only near the liquid-gas critical
point the main peak of the structure factor moves to
kt =0 (Ref. 5) and Eq. (1) transforms into the conven-
tional nonoscillating form.

Qualitatively the wetting phenomena governed by the
potential (1) may be presented as follows. The equilibri-
um film thickness is determined by the minimum of the
sum V(h)+hnoAp, where Ap is the difference in bulk
chemical potentials and ntt is the liquid density. The
function V(h) is represented by curve 1 in Fig. 1. This
form of the potential provides two main consequences:
(i) The free-energy barriers separating the subsequent

V(h) = —acos(kth)e '+be

This is essentially an expansion of the interface potential
V with respect to the density-wave amplitude An(h)
The first term in Eq. (1), V~, linear in An(h), arises from
the density-wave cut at the interface. Its minima give
preference to an integer number of smectic layers corn-

FIG. 1. The initial potential for a dense liquid film on a
solid substrate (curve 1), envelope of its minima (curve 2), re-
normalized envelope (curve 3), and the renormalized envelope
at the first-order wetting transition provided by the van der
Waals forces (curve 4).
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local miniina h„=2tcn/ki =ndo give rise to the LT's ac-
companying variation of Atc, (ii) for sufficiently thick
films exp( —h/(b)»exp( 2—h/gb), so that the oscillat-
ing part, Vi, dominates, providing negative minima to
the resulting potential (Fig. 1): V(h„) & 0 =V(~).
Thus the wetting is incomplete.

However, at T & 0 the capillary ffuctuations smooth
the oscillations of the potential which results in a dimin-
ishing of the effective decay length of the oscillations:

gtt & gb in Vi with the V2 term being unaltered.
The subscript R denotes the renormalized quantities.
Above a certain temperature T the amplitude of Vitt
decreases with h faster than V2tt since gtt &gb/2. Con-
sequently the envelope curve 2 in Fig. 1 loses its
minimum and transforms into monotonic curve 3, i.e., in-

complete wetting is changed to the complete type. Thus
we predict that a special critical WT is provided by
capillary waves propagating on the free surface of a par-

P =g d'x[cr(Vz)'/2+ V(h)].
f

(2)

Here x is the 2D vector in the substrate plane; o is the
free surface energy of the bulk liquid. The conventional
RG rescaling of the short-range cutoff, A, provides
averaging of the potential over the capillary wavelengths
between A ' and A 'e' resulting in

tially ordered film. Further heating suppresses the oscil-
lations of VR and thus excludes LT's. Since the ampli-
tude of the potential relief decreases with h, the critical
layering temperatures are expected to decrease for larger
h, i.e., for hp 0. This behavior differs from that of
solid films. ' In the latter case, long-range order exists
(i.e., gb =~), so that the amplitude of V(h) oscillations
is constant and the layering critical temperatures in-

crease as hp 0.
Below we give the linear RG theory of the structure-

induced wetting governed by the Hamiltonian

(3)

The important difference of this universal expression
from the well-known one for the roughening-transition
temperature is (besides the factor of 2) that in the
present case the surface tension is not renormalized in
the limit T T: cr in Eq. (8) is just the tension of the
bulk liquid. Hence T & T can serve as a useful wetting
criterion.

This critical WT is a limit of an infinite sequence of
LT's: h„h„+i . . . . On average the film thickness
and the correlation length diverge at the WT as
[t = (To —T)—/To)

Vt = eexp[l(2+ co) —kh],

where co = (XSO) /2 = W /4tra. For Vi [Eq. (1)],
= ~ iki+(b, and for a dense liquid we have

ki(b ~ 10. Thus Eq. (4) results in

Reco = —Tk i /4tccr = —co.

The longitudinal correlation length gi =A 'e', above
which the capillary waves are suppressed by the field
V(h), may be estimated from the equation A cl Vt/
cl h =A Vt" (h) = o. If co is not too close to 2, so that
the linear RG theory is sufticient, the latter equation to-
gether with Eqs. (4) and (5) yields

h o:t '; &i ~exp(const x t '). (9)

These laws coincide (up to logarithmic factors) with the
ones characterizing the critical WT provided by steric
repulsion in the case of nonoscillating potential
(co=T/4tccJ($) 2, regime III of Ref. 9). However, in

the latter case the renormalized potential differs drasti-
cally from ours and no universal expression for the wet-
ting temperature has been found.

Minimizing VR(h)+hnohp with respect to h and us-

ing Eqs. (7), (5), and (8), one obtains the LT lines in

the form Ap„~exp[ —h„/(1 —T/2T„)] represented as
I.],I.2, . . . in Fig. 2. At the high-temperature side, each
LT line ends in a critical point. In the close vicinity of
this point the linear RG procedure cannot be applied.
Nevertheless, the critical temperature TL,„ for the
h„h„+i LT may be estimated (cf. Ref. 10) by finding
the crossover of the two RG solutions: The one is valid
for T & TL,„, where the oscillating potential dominates,
and the other is valid for T & Tc«, where t V2~ t

» t Vi'tt t, V2tt ——V2. The crossing occurs for such an I'
that

t V,"t
t
= Vz't, with h = (h„+h„+i)/2. Making use

(6)(2 —co)l'=h/gb+1n(oA /aki ),

Vite (h) = —att exp [—h/(1 —a)/2) gb], (7)

where att =aexp[ —ln(o/a)co/(2 —co)]. For k=2/(b,
Eq. (4) yields co=T/4tca(gb/2) «1, and thus the re-
normalization does not aff'ect V2. In derivation of (5)
and (6), we took into account that for h minimizing
Vtt(h) we have t V2t /Vi't t

= (2/ki(b) «1 and I' in

Eq. (6) is determined by Vi't only. Evaluation of h

proves that h & 8OI tX t, so that the steric interface-
substrate interaction may be neglected.

Equation (7) means that the renormalized attenuation
depth is gg=(1 —c0/2)gb Thus, if a.~=a /o &b, the
absolute minimum of the curve VR disappears at
g~ =gb/2, or co =1, and a critical WT occurs at

T„=4 /k tci o=odo/n.

Vt(h) =„V(h)exp[2I —(h —h') /28 (I)]dh'/(2tr) ' ci(l).

Here b' (I) =ISO =IT/2tca is the squared displacement
taveraged over the interval (A ', A ' e'). If V(h)

=eexp( —Xh), Eq. (3) gives
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of Eqs. (4) and (6), one gets for large h TI,„
=T (I+constx(b/h„). Since for T & Tr.,„ the film
thickness is determined by V2, i.e., h = —(gb/2) ln(hp),
the layering critical points form the curve h p
a:exp[ —const/(T —T )]. For n &1-2, the right-hand
side of Eq. (6) is positive, and hence the LT lines end be-
fore co =2. Thus the LT's occur only if

T(2T =8rrk| o=2odp/z. (10)

Ti c, Ti C, ~=2

c
&LC!

!

~l.C
~

-( LC)

FIG. 2. Phase diagram of a fluid-solid system: Lj are the
layering lines and LC, are their critical points; T is the first-
order wetting transition point; T M is the presetting line. The
dash-dotted line presents a decrease of He vapor pressure in a
closed vessel (Ref. 7) caused by temperature decrease.

In real fluid systems the potential V(h) contains a
long-range part Vrn =A/h, provided by the van der
Waals (electrodynamic) and hydrodynamic" forces.
The complete wetting can take place only if A &0,
which is usually the case for the van der Waals forces.
The constant A ~ 50 K, and hence, for temperatures
T»50 K, Vrn may be treated as a perturbation over
V|+V2=0(T). The long-range repulsion favors the
thick film and forms a free-energy barrier VM for wet-
ting at low hp (curve 4, Fig. 1). Thus the critical WT is
precursed by the first-order %'T at T slightly below T„.
For very thick films, the second derivative Vr,z dom-
inates over the oscillations of V~, hence the number of
LT lines is finite. The resulting phase diagram is
sketched in Fig. 2. Weak long-range forces disturb a
small vicinity of the WT point. As hp increases, the
free-energy barrier V~ moves towards the smaller h and
decreases. Thus the prewetting line T„M (Fig. 2) starts
from the WT point; enters the region of LT's, thus
becoming a strong LT: h„h„+k, k &1; and finally
merges with one of the LT lines.

Thus the range of validity of the above theory is deter-
mined by T»50 K together with Eq. (10). For many
metals T,/T ~ 1, while T, —10 and our theory is
strictly applicable, at least near the triple point (see
below the description of SM on lead crystals). On the
other hand for noble gases one has 3T„~Tf ~100 K
and no layering effects should be expected. The critical
WT of the type described above can be observed (i) in a
two-component system, if the line of WT crosses the line

VI~ =0, where the hydrodynamic effects compensate the
van der Waals ones"; (ii) in Monte Carlo simulations on
antiferromagnetic lattice-spin models (cf. Tarasona and
Vicente' ).

For helium the ratio T/T„ is not bounded from below

by the triple point and the layering is observed, though
Vq~&&V2, providing complete wetting below T . As
above, TI«may be found by our taking VJ"~,~ = V~'g, or
lI =!r',g = —,

' ln(oA h /3A), while li is determined by
(6). Thus, for h/(b » 1, 41n(n) » 1, one gets

Ti.,„=(8no/k 1') [1 —h„/4(b In(n)].

Substituting rr=0. 35 erg/cm, ki =2.15 A ', '
(b/dp

=1.6-2.1 (Ref. 7) into (11), we obtain that about
20-30 LT's may exist at T=O and Tr.,9=0.5-0.7 K,
Tr.,s=0.7-0.9 K. These estimates may be compared
with the ninth peak of electron mobility observed at
T=0.6 K [a chamber filled with gaseous He was cooled
and the He film grew upon H2 (Ref. 7); the phase path
of the systein is shown in Fig. 2 by a dash-dotted line].
The fifth peak disappears at T=l K. When T& Tr.,„
the second derivative of

Viir =V|exp( —2!r'g) ceh "exp( —h/gb) cos(kih)

still oscillates, providing oscillations of electron-ripplon
scattering amplitude. Thus as the Tr., line (dashed line
in Fig. 2) is crossed the oscillations of mobility are ex-
pected to change their form from singular cusps to
smooth oscillations (cf. Ref. 7) rather than to disappear
at once. For He the surface tension is a=0.15 erg/cm;
hence T/T„~ 3 at T= 1 K and the layering effects are
suppressed.

In the SM of metals Vr.g is extremely weak because of
the small crystal-melt density difference: The law
h~lnhp is not changed by hceAp 'l up to T,. Now
the crystal-melt film interface zi(x) fluctuates together
with the free surface of the film, zp(x), h =zi —zp. The
potential Vi depends not only on h, but on the interface
position relative to the crystal lattice also:

V| =+~ a~e 'cos(k ih —2rrj z i/d),

where d is the lattice spacing normal to the interface
(dmdp). Renormalizing (2), with Vi taken from (12),
by the procedure of Eqs. (3)-(7), one gets

rp=rrTdp [o 'dp +rri '(1/dp j/d) 1, —

where a| is the surface tension of the rough (see below)
macroscopic crystal-melt interface. The complete wet-
ting occurs if, as above, the V2ir(h) potential becomes
substantial for thicknesses larger than those for V]~, i.e.,
if 6j) 1 for all j values. Thus

'oidp/(I+a|/cr), if 2d ( dp,

'o idp/[o|/rr+ (1 —dp/d) '],
if do&2d & 3do.
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T, (T„ is the criterion for SM. Usually al/cr~0. 1.
Therefore for close-packed faces, with d = do, T is sub-
stantially higher. For Pb (fcc) we have a 1

=33,
a =440 erg/cm, do=d(||i) =2.9 A, T, =600 K. Thus

T~(iil) =1.4T~, T~(happ) =1.1T„and no SM should be
expected on these faces in accordance with recent obser-
vations. A vicinal face close to (111),(100) does not
melt also if the width of a terrace on such a face exceeds
gi(T, ). For the (110) face T =0.2T, and SM is ob-
served.

Note that T„ is always larger than 2crld /tr, the
roughening temperature of the crystal-bulk melt inter-
face, which was used above. On the other hand, the
long-wave fluctuations of thickness are suppressed by
V(h) for any finite h. Thus the complex crystal-melt-
vapor interface exhibits a roughening transition below T,
if and only if

Tt ) Tttf =2 (0 + 0 i )d /tr,

since in the limit T T„h ~, and the renormaliza-
tion of tr, crt due to V(h) is negligible. For example,

Tttf (T, for the Pb(3 1 1 ) and higher-indexed faces. In
contrast, SM occurs on the (110) face though it remains
smooth up to Ti.

In summary, the dense liquid film on a solid surface
has a smecticlike structure that gives rise to an attenuat-
ing periodic potential in which the free surface of the
film fluctuates. At low temperatures this potential is re-
sponsible for layering transitions and incomplete wetting.
As the temperature rises, capillary waves renormalize
the attenuation length of the oscillating potential which
results in a critical wetting transition and layering criti-
cal points. The wetting transition provides a new exam-
ple of strong fluctuational critical behavior. In real sys-

tems with long-range interactions, prewetting phenome-
na may be observed. The theory estimates layering criti-
cal temperatures for He/H2. An extension of the
analysis to a crystal surface covered with its own melt
provides the SM criteria in good agreement with recent
observations. An exact criterion for roughening of a
melted surface is obtained also.
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