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Abstract. We study the problem of fluid adsorption at a non-planar wall with a view to
understanding the influence of surface roughness on the wetting transition. Starting from an
appropriate Landau-type free-energy functional we develop a linear response theory relating the
free energy of the non-planar system to the correlation functions in its planar counterpart. Using
this approach we are able to generalize the well known graphical construction method used to
study the planar surface phase diagram and derive analytical expressions for the shift in the
phase boundary for first- and second-order wetting transitions. The results of the calculation are
compared and contrasted with simple phenomenological and scaling arguments. Of particular
interest is the influence of surface roughness on a second-order wetting transition which is driven
first order, even for small deviations from the plane.

While the statistical mechanical theory of fluid adsorption at planar walls and in other
idealized geometries (such as capillary slits and cylindrical pores) is much studied [1, 2],
the microscopic theory of fluid adsorption at non-planar (rough) walls is far less developed.
Nevertheless this problem is certainly of practical interest as well as posing something
of a theoretical challenge due to the loss of translational invariance. For adsorption at
a single wall perhaps the most important issue is whether the roughness influences the
order and location (phase boundary) of any wetting transition [3]. Here we address this
guestion using a generalized Landau density-functional model which may be viewed as the
simplest available microscopic approach [4]. Recall that in application to theories of the
planar liquid—vapour interface as well as wetting transitions and finite-size effects the same
approach has played a pivotal role [5] leading to more sophisticated methods. Itis therefore a
natural starting point for the systematic investigation of non-planar fluid interfaces. A major
part of our work is to show that within perturbation theory (valid for small deviations from
the plane) it is possible to derive an analytical expression for the change in free energy
due to roughness that may be studied using a generalization of a graphical construction
method familiar from the planar problem [6]. In this way we avoid having to use effective-
Hamiltonian methods [7]. Our analysis borrows results and methods recently developed for
the calculation of pair correlation functions at planar wall-fluid interfaces [8] and is, we
believe, of pedagogical interest beyond its application reported here. Using this approach
we are able to derive analytical expressions for a shift of the phase boundary at first- and
second-order wetting transitions in three-dimensional systems. While our analysis is mean-
field-like we are confident that the topology of the surface phase diagram is unaffected by
the inclusion of fluctuation effects.

To begin we make some preliminary remarks concerning the possibility of a roughness-
induced wetting temperature shift. It was observed by Wenzel [9] some sixty years ago that
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the contact angléz of a drop of liquid (phase say) on a rough substrate (walHphase
interface) appeared to satisfy the empirical relation

C0Sfgz = r COSH, Q)

wherer = Ag/A, is the ratio of non-planar to planar surface area énds the contact
angle for the planar systetm = 1). Of course this is not an exact result but has nevertheless
been proved (rigorously) valid for an Ising model with a non-planar boundary at sufficiently
low-temperatures [10]. Unfortunately the low-temperature restriction precludes a study of
the influence of roughness on any wetting transition. However, it is clear that if Wenzel's
law was validv 6z > 0 then the wetting temperature would be necessarily reduced. This
is conveniently expressed as follows: the non-planar walkterface is completely wet

(i.e. g = 0) by a fluid 8-phase for roughness parametee ry where

rw = seo, (2)

and we recall that, is the contact anglé> 0) of the g-droplet at the planar wall~
interface (at two-phase bulk coexistence). If we assume that the wall has a corrugated
shape described by the graph(r)) = V/2a singx wherer; = (x, y) is the displacement
vector parallel to the = 0 plane (corresponding to the mean position of the wall) then we
can rewrite the equation for the phase boundary as

O, =qa (3)

assuming that, is small. Here we have included a factof2 so thata measures the

root mean square width of the wall. We shall refer to equations (2), (3) as Wenzel’s result
although of course Wenzel was unaware of the possibility of a wetting phase transition.
Thus it appears to be possible to induce wetting by increasing the roughness of the substrate
although this becomes increasingly more difficult for planar contact angles clagg2to
However one should be suspicious of this prediction given that this approach makes no
mention of the order of the wetting transition occurring in the planar system (at temperature
T, say). In particular, experience with the well developed finite-size scaling theory of
bulk critical phenomena suggests that a more reliable expressionyfavould contain
information about the (transverse) correlation length, which we recall diverges at a second-
order wetting transition. Similarly at this simple level we are not able to offer any prediction
of whether the order of the wetting transition in the non-planar system is different to that
occurring for planar geometry. In fact, as we shall see the Wenzel result is inaccurate as
regards the influence of roughness on second-order wetting transitions which turns out to be
much more interesting than (3) suggests. However, we are able to provide a microscopic
derivation of (2) and (3) for first-order wetting.

Before we discuss the microscopic Landau theory we note that it is straightforward to
develop a scaling theory for the roughness-induced phase shift which improves on (3). Let
us suppose that in the planar system the walhkterface undergoes a continuous (second-
order) wetting transition as = (T, — T)/T, — 0. By definition the contact angle,
vanishes as, ~ t?=%)/2 wherea; is the specific heat exponent characterizing the singular
part of the excess free energyng ~ t?~%_ Assuming that the wall has the corrugated shape
mentioned above it is natural to expect that the length seabrslg enter the singular part
of the non-planar free energy through scaled variablés and g+~ wheregs andv; are
the adsorption and transverse-correlation-length critical exponents respectively [3]. In this
way we deduce that the phase boundary in the non-planar geometry (implicitly incorporating
the wetting temperature shift) satisfies the scaling relation

0, (t,...) ~q " V28 (ag® D2 4
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where we have used the hyperscaling relatiorse = (d — 1)y, and s = [(3 — d)/2]y,

valid below (and at) the upper critical dimensigh (which we recall is equal to three for
systems with short-range forces [3]). He$éw) is an unknown scaling function which
must satisfyS(0) = 0 in order to reproduce the trivial planar phase boundgry= 0.
Interestingly Wenzel's result (3) does meet the scaling requirement (4) although as we shall
see the correct mean-field scaling functgw) is more complicated and shows non-analytic
behaviour. With these preliminaries in mind we now turn to the analysis of a microscopic
density-functional model.

Consider a one-component system with order parametey which shows bulk two-
phase coexistence at sub-critical temperat@fes< T¢) in zero bulk fieldh = 0 between
phases with order parameteng (7) (> 0) andmg(T) (< 0) respectively. If the system is
bounded by a fixed wall whose position is specified by a height variaple,) we suppose
that the free-energy functiond[m ()] accounting for bulk and wall interactions is

1 1
Flm(r)] = /d?“ {Z(V'n)2 +¢(m) +8(z — zW(r”))[l + Z(VZW)2]¢1(W)} ®)

which naturally generalizes the standard free-energy model of the planar semi-infinite system
[5]. As usual the bulk free-energy tergn(m) has a double-well form fof" < T but will
not be specified further. The surface interaction te#ita) [5] is taken to have the standard
expressionp; (m) = cm?/2 — hym wherec is the surface enhancement angdis the surface
field. Note that the surface term contains an extra fac'eqar%IVzW)2 which accounts for
the increase in surface area due to deviations in the position of the wall from the plane
[7]. We will always assume that these deviations are small and also of long wavelength
compared to some appropriate microscopic scale (see later).

It is natural to anticipate that for small deviations from the plane the minimum of
F[m(r)] may be written as a perturbation about the planar value:

1 A~
2(27)d-1 / dg A (W@ P+ - ©)

where the ellipsis denotes higher-order products of the Fourier amplifyd@$ which can

be safely ignored for small deviations. The first two terms represent the free energy of
the planar system, s¢(m,) ando correspond to the bulk free-energy density and surface
tension respectively. The latter quantity is given by the well known expression [1, 3, 5, 6]

Fz = ¢(mh)v +0A; +

mp

o = ¢1(my) + dm Qo(m) (7)
wherem,;, andm, are bulk and surface magnetizations respectively, and
Qo(m) = /2[p (m) — ¢ (my)]. ®)

The sign in (7) is chosen so that the contribution from the integral is positive. This
expression is amenable to a well known graphical interpretation which is extremely useful
in determining the (planar) surface phase diagram [6].

The quantity A, (¢) to be determined represents the free-energy correction due to
roughness and has the same dimensions as the surface tensidiote that if A, (g)
were wave-vector independent then the free-energy increment would be simply proportional
to the increase in surface ardg — A.

The starting point in our analysis is an exact linear response relatioh far) in terms
of the (Fourier transformed) planar pair correlation funct@ery, r2) = (m(ry)m(rz)) —
(m(ry))(m(r2)) where both particles are exactly at the wall:

G(0,0; q) = / dry €971 G(rq, 72) )
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with 1 = (0,0) andr, = (0, ). The result is conveniently written as

2 _ 2 2 1 1 >

9207 (9) = 4% (my) +m1<G(Q - (10)
wherem] is the derivative of the (planar) wall magnetization with respect tind x11 is
the surface susceptibility;; = dm1/0h;. While a derivation of (10) is not appropriate
here [11] some remarks should clarify its origin. The first term is the ‘direct’ potential
contribution due to the increase in surface area. Note also that the term in parentheses
vanishes whery = 0 (by virtue of a sum rule) reflecting the arbitrariness in the location
of the z = O plane. The all-important dependence 610, O; g) follows from remarks
made earlier by one of us [12] concerning the exact relationship bet@wéen; q) and
the free-energy cost of a fluctuation in the location of a surface of (appropriately) fixed
magnetizationn® whose average position is Fortunately a good deal of information
about G(0, 0; gq) at wetting transitions is now known, so (10) constitutes a rather useful
relation. In fact it is possible to continue further with the analysisdidaitrary ¢ (m) (and
¢1(m)) and derive an elegant expression #ay (¢) comparable with the surface tension
formula (7). To proceed we substitute into (10) the known, exact expressions [13] for the
momentsGo,(0,0) appearing in the expansio@(0,0; ) = Y oo ;¢?'G2,(0,0). While
these moments are themselves rather cumbersome the corresponding mamentshe
expansionA, () = Y o2 ;g Ay, turn out to be much more compact. In this way we we
arrive at the following equation foa, (¢) valid for arbitrary¢ (m) and ¢ (m):

mp

Az (q) = ¢1(my) i/ dm Q@m;my, q) (11)

miy

where the sign is the same as that in (7). Here the new fun@iom; m,, ¢) satisfies the
integral equation

Q@m;my, q)
QOo(m)

where we have assumed that, > m; so that the sign of the double integral is
positive. The functionQ(m; m1, q) satisfies the boundary condition®(m,; m1,q) = 0

and Q(m1; m1, q) = Qo(m1) which are useful when interpreting the equation graphically.
An important result immediately follows from (7), (11) and (12), namely

A(0) =o0. (13)

m my
- 1—q2/ dm’ Q53(m’)f dm” Qm"; ma, q) (12)

This identity reflects the invariance of the free energy of a planar wall-fluid interface
with respect to rotations and is related to the asymptotic coherence of surface correlations
discussed at length in [8]. We have also found it profitable [11] to consider the differential
version of (12) conveniently expressed in terms of the dimensionless scaling factor
y(m;my, q) = Q(m; my, q)/ Qo(m) which satisfies the boundary conditiongny; m1, g) =

1 andy(my; mq1,q) = 0:

Q3(m)y" + 3Q0(m) Qy(m)y’ — g%y =0 (14)

where a prime denotes differentiation with respectrto For the standardg®-theory
(in zero bulk fieldh = 0) it transpires thaty has a scaling structure(m; m1,q) =
Y48 (m /my; m1/m;) whereg, = k1 is the bulk correlation length. The functiagf® (¢; ;)
satisfies

. . 402

A—5Y@ —6ry@ — ﬁY(” =0 (15)
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which is an adaptation of Latta’s generalized Mathieu equation [14]. Here the overdot
implies differentiation with respect ta Equations (10)—(15) constitute the main results of
our perturbation theory which we now apply to the problem of wetting at a non-planar wall.

An important result follows directly from (10). Assuming that the wetting transition
occuring in the planar geometry is second order it follows that the correlation function
G(0, 0; g) and hence the non-planar free energy cannot exhibit singular behaviour away
from T,. Consequently the wetting transition is shifted only if the transition is roughness-
induced first order. Similarly a first-order wetting transition in the planar geometry cannot
be roughness-induced second order since this would require an unphysical singularity in
G(0, 0; g). With these preliminary remarks in mind we consider the influence of roughness
on strongly first-order and second-order wetting transitions separately.

Q, (M)

X(m)

w
m1 mB

Figure 1. An illustration of the generalized graphical construction method for first-order
wetting. The dashed lines represent the non-plapdunctions while the shaded areas show
the contributions to the free energy from the second term in (11) for wet and partially wet (P)
profiles.

Strongly first-order wettingln figure 1 we illustrate a useful graphical interpretation of
(12) for A, (q). Intersections of the straight liné(m) = cm —hq with Qo(m) determine the
surface magnetizations)’, mf of the wet and partially wet planar magnetization profiles
respectively. Thus the non-wet profile startsgt and increases ta, while the wet profile
starts atn}’ and increases tmg (with a 8/« interface at infinity).

The functiony(m; m1, g) can be found accordingly for these profiles. It is very nearly
unity (provided thaly&, <« 1) for the non-wet profile and also for the wet profile between
m}’ andmg while it is zero betweenng and m,. The corresponding-functions are
also illustrated in figure 1 (in an obvious notation) together with their respective integral
contribution toA,; (¢) shown as shaded areas. In this way we conclude that the correction
term A” for the partially wet profile isA? ~ o,,, while for the completely wet profile it
is AY ~ ¢,5. Note that the surface tensions of these profiles are givem'by o,, and
oV = 0,5 + 0up respectively. Then a simple free-energy balancing argument shows that
the phase boundary is shifted exactly according to Wenzel’s result (2).
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Partial Wetting

Complete Wetting

Cp

a*

Figure 2. A schematic wetting phase diagram for fluid adsorption in a system with a non-
planar wall. The lines €and G are loci of first- and second-order wetting phase transitions
respectively which meet at a critical point corresponding to-aa* < &,. The vertical axis is

a linear measure of the temperature s&@le- T for 6, = 0.

~

Second-order wettingFor this case the analysis is more involved due to the presence
of long-wavelength fluctuations in the adsorbed fluid film. Consequently we only quote our
main results [11] which, for simplicity, are restricted to the case where the wall is taken to
be at the positiony = +/2a singx (and we recall thay&, <« 1). For fixed6, ~ T, — T
the planar second-order transition is roughness-induced first order for roughness parameter
r satisfying
C—K 2
c+K )E (16)
where & is the planar value of the transverse correlation length at this temperature.
Clearly this is a fluctuation-modified version of Wenzel’s result (2). Note that the factor
(c—«)/(c+«) > 0is a measure of the deviation from the planar tricritical point. For
small values of),, i.e. T close toT;, the result reduces to

rw & Se, + (sed, — 1)q2(

rw ~ sedd; + R (qsb>2<c - K) (17)
c+k
where
. 2
R = lim {f 5'“""’1 } (18)
T—T, O—aﬁSb

is the ratio of two hyperscaling amplitudes and takes the universal \Ialzue% in mean-
field theory. Thus the shifted phase boundary @pr= 0) is given by the non-analytic
function

19
a*?)1/? fora > a* (19)

9 0 fora < a*
T g@® -

where

. Jc—k
a —,/C+K§b (20)
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is the tricritical value of:. The analytical expression is confirmed by numerical minimization

of the mean-field free-energy functional [11]. Thus for fixed< «* the wetting phase
transition remains second order and occurs at the (unshifted) tempefaturehile for

a > a* the transition is roughness induced first order and occurslaiver temperature.

The phase diagram plotted in terms&f anda is sketched in figure 2. Importantly, the
expression for the shifted phase boundary is precisely of the scaling form (4) provided that
we identify d = 3 corresponding to the upper critical dimension for wetting (for models
with short-ranged forces) as we might anticipate for the present mean-field calculation.
Interestingly, ag is reduced ta (i.e. as we approach the planar tricritical point) we recover
the simple prediction of Wenzel (3). It is also noteworthy that the tricritical value of the
width parameter* given by (20) is independent gf (for ¢&, <« 1). The fact that a second-
order wetting transition becomes a first-order one for even minor deviations from the plane
is the central conclusion of our study. Moreover, experience with (improved) effective-
Hamiltonian models of wetting in three-dimensional systems is strongly suggestive that this
result is true beyond mean-field theory since there does not appear to be a mechanism
(involving a position-dependent stiffness or stiffness matrix [15]) by which a first-order
wetting transition becomes a fluctuation-induced second-order one. Thus we are confident
that the topology of the surface phase diagram (see figure 2) would be borne out in Ising
model simulation studies.

In summary, we have developed a mean-field linear response theory for fluid adsorption
at a non-planar wall and derived an exact analytical expression for the perturbation of
the planar free energy due to surface roughness. Using this method we have been able
to vindicate a phenomenological result (which may be attributed to Wenzel) regarding
the influence of roughness on first-order wetting transitions. For second-order wetting
transitions, however, Wenzel's result is inappropriate (due to fluctuation effects), and
calculation shows that the transition is driven first order for deviations from the plane.

We are very grateful for Professor M Népkowski for discussions which reawakened
our interest in this problem, and acknowledge financial support from the EPSRC (United
Kingdom).

References

[1] Rowlinsan J S and Widom B 198Molecular Theory of CapillarityOxford: Clarendon)
[2] See, for example, articles in the research monograph
Henderson D (ed) 199Bundamentals of Inhomogeneous Flu{tew York: Dekker)
[3] An excellent introduction to wetting transitions is given by
Schick M 1990Liquids at Interfaces (Les Houches Session XL\&t)J Charvolin, J F Joanny and J Zinn-
Justin (Amsterdam: Elsevier)
[4] Effective-Hamiltonian methods have been employed to study the problem of self-affine roughness in two and
three dimensions:
Giugliarelli G and Stel A L 1996 Phys. RevE 53 5035
Kardar M and Indeke J O 1990Europhys. Lett12 161; 1990Phys. Rev. Letit5 662
[5] Nakanishi H and FisheM E 1982 Phys. Rev. Let#49 1565; 1983]J. Chem. Phys78 3279
Pary A O and Evans R 199@hys. Rev. Lett64 439
[6] See, for example,
Sullivan D and Telo da GaanM M 1985 Fluid Interfacial Phenomenad C A Croxton (New York: Wiley)
[7] Rejmer K and Nagirkowski M 1996Preprint
[8] Pary A O and Boulte C J 1996Mol. Phys.87 501
[9] Wenzd R N 1949J. Phys. Colloid Chenb3 1466; 1936indust. Eng. Chen28 988
[10] Borgs C, De Coninck J, KotegkR and Zinque M 199%hys. Rev. Letfr4 2292
[11] Parry A O, Swan P S and Fox J A 1996 to be published



L666 Letter to the Editor

[12] Pary A O 1993J. Phys. A: Math. Ger26 L667
[13] Pary A O and Boulte C J 1994J. Phys. A: Math. Ger27 1877
[14] Latta G E 1963]. Math. Phys42 139
[15] For a recent review see, for example,
Pary A O 1996J. Phys.: Condens. Matteat press



