PHYSICAL REVIEW B VOLUME 55, NUMBER 15 15 APRIL 1997-|

Fluctuation properties of interfaces and membranes bounded by self-affine surfaces
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In this work we study fluctuation properties of fluid interfaces/membranes bounded by a rough self-affine
surface. We find that the fractal character of the substrate affects the interface/membrane roughness signifi-
cantly for healing length§< ¢ where¢ is the substrate roughness correlation length. However, for healing
lengthsS> £ the rms roughness scales as a power 4e8v © with the exponent characteristic of the system.
Moreover, thermally induced roughness can dominate that induced from the substrate for large healing lengths
S (> &) and/or system temperatur@s>T,.. [S0163-18207)04816-9

Two-dimensional fluctuating interfaces and membranesionlocal function ofh(r) and z(r) with r=(x,y) the in-
are topics of enormous interest in theoretical and experimerplane position vectdr The Hamiltonian
tal physicsi'? An interface represents a boundary between
two phases, and is formed from the same molecules that 1f 2112 2 2
constitute the bulk phases. Moreover, it has a limited internal HLh,z]=3 | {K(VA)™+RVR)™ULA(r) =2(r) [ d*r
structure. Surface tension ensures that such surfaces remain (2)

: 1,2 -
r%lzg\éeg rfr:gﬁécu(ljer; tdr}f?e?é?frthg?]nt?{en;]eergﬁjr;nﬁswﬂihcﬁg describes in general interfaces and membranes, and captures
P Y%he correct scaling behavior for large interface or membrane-

are imbedded, and do not necegsa}r]Iy separate two d'Stmghbstrate separations. The regime of validity of this theory is
phases. Moreover, they have significant internal structure

entailing rigidity, ordering of various sort, etc. Since their confined to substrate and layer fluctuations such thét)

g ngiaity, Ing : ’ : —2z(r)] is much larger than the bulk correlation length of the
surface tension is relatively small in most cases, membran(%? - 3.5

S . uid layer:
can exhibit wild surface fluctuatiorts’

Besides extensive studies that have been performed for The interface or membrane profile is obtained in the ab-
: P . sence of thermal fluctuations by the minimization of
interfaces and membranes bounded by flat and uniform .

2 H[h,z] (Refs. 3-% and expansion otJ(h—z) around a
substrates;? recently the role of substrate roughness on wet- inimum valuew. By Fourier transformation oh(r) and
ting phenomena both for fluid systems and membranes all - BY

tracted the attention of several authdr3Indeed, real sub- 2(r), and substitution in the Euler-Lagrange equation of the

strate surfaces are always characterized by some degree IggmlltonlanH[h,z] given by Eq.(1), we obtairl
roughness that depends on the material, and the method of

surface treatment. These studies mainly concentrated on the h(g)= %jng(q)

asymptotic properties of the effective potentid}, which 1+Y“q°+{"q

represents the interaction between fluid interfaces or mem-

branes and substrate roughness in the absence of thermal _ R\Y2 K\
fluctuations? > with Y=\7]  =lgr] + @

In this paper, we will examine the effect of roughness on
the fluctuation propertie§i.e., rms amplitudes and correla- which is the basic relation for interface or membrane fluc-
tion functionsg of fluid interfaces and membranes boundedtuations induced by the substrate.
by a self-affine rough surface. Moreover, a comparison of The substrate roughness fluctuations are characterized by
these substrate-induced fluctuations with thermal fluctuationthe rms deviation from flatness=(z(r)?)*2 [(z(r))=0]
will be made in order to provide a more physical and com-where( ) stands for an average over the whole planar refer-
plete picture of their significance in real systems. ence surface. The correlation functi@xr)=(z(0)z(r)) for

In the more general case, the formalism that describeany physical isotropi¢in the xy plang self-affine surfack®
membranes can easily be reduced to that of interfaces. Iris characterized by a finite correlation lengtfwhich is the
deed, membranes are characterized not only by the bendiryerage distance between peaks and valleys on the surface
rigidity K, but also by a “lateral tension'R that plays a such thatC(r)~c?—Dr?" for r<¢ (D~o?/¢?H), and
similar role as the surface tension for an interfa@md can  C(r)=0 for r>¢. The roughness exponent® <1 mea-
suppress membrane fluctuations. The fluid interface or mensures the degree of surface irregulafity. Small values of
brane profile is denoted Hy(r), the substrate height profile H (~0) characterize extremely irregular surfaces, while
by z(r), and the interaction potential between interface orarge values oH (~1) characterize surfaces with smooth
membrane with the substrate by h(r)—z(r)] [which isa hills and valleys. The Fourier transform o€(r) is
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{|z(9)|?). An analytic correlation model fof|z(q)|%) was
presented in earlier studies of the f

o A 0_252
<|Z(Q)| >_ (27T)5 (1+aq2§2)1+H!

)

and is valid for the whole range of values for the roughness
exponent GBG<H<1. The normalization condition
[(277)4/A]f0<q<Qc<|z(q)|2)d2q=cr2 yields the parameter
identity a=(1/2H)[1—(1+aQc?¢?) M) if 0<H<1, and
a=13In(1+aQc&) if H=0. Q.= m/ay With a the atomic
spacing.

The mean square surface or interface deviation from flat-
ness is given by

(o /c)?

(2m)* [
T | 0@ e

with
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FIG. 1. Schematics of the mean-square surface deviation from
flatnesso;y, /o vs S/ ¢ for membranes with nonzero lateral tension

and bending rigidity for substrate roughness characterisics

(@) m=(1+?Y>+a* ) " X|z(@[?), @
where we consider the case of interfacBs>(0, K=0), and

membranes K>0) under the same framework. Moreover, corresponds to power-law behavior.

there is a characteristic length scale of the sydi@part from

=0.3 nm, =60 nm, andH=0.8. The main schematic is for heal-
ing lengthsZ=10Y, the lower inset for{=0.1Y, and the upper
inset for Y={¢. The linear regime in the log-log plots f&>¢

¢ that is called “healing length” such that at long wave- for the specific value of the healing length= §l/_?/2W9 ob-
lengths the interface or membrane follows the substrate fludain_the analytic expressioor;=o{2a(2+H)] " q1-(1

tuations, but it fails to do so at short wavelengths due tot Q§

damping caused by surface tensi@nterface$ or bending
rigidity-lateral tension(membranes The healing length of
the pure membrane problerR€0, K>0) is ,° while Y is
that for interfacegwith R the surface tensiori* For R>0
and K>0, the healing lengt!s is given by S=v27?/[ (4
+Y4)V2_y2)1/2 5,11

Intuitively for large healing length¥> ¢ and/or{> ¢ we

Y2)7(2+H)}1/2‘

If we compare Figs. 2 and 3 we observe that the substrate
roughness exponerti has a stronger effect on the mean
square interface roughness for fluids interfaces than for fluid
membranes, since the curves that correspond to diffédent
are more distinguishable. However,, (tensionless mem-
brane$ becomes much smaller thamat a significantly faster
rate thano; (interfaces. In order to estimate precisely the

expecto; <o, since the damping caused by the interfaceeffect ofH on the mean square surface fluctuation for mem-
or membrane elastic properties occurs at wavelengths mudtranes and fluid interfaces, we plot , as a function oH
longer than those where substrate roughness shows signifr healing lengths in the regime, and{, respectively, of

cant structure[saturated regime oEC(r)=~0]. Thus, the

roughness induced from the substrate is expected to be rathegcurs(stronger effect oH).

small and decreasing with increasing healing length. In fact,
for interfaces K=0) Eq. (4) yields o/o~Y 2f(H,¢) if
Y>¢, and for tensionless membraneR=0) o,/o

~{ *g(H,¢) if {>¢. Such a behavior is obtained if we
neglect the lowg dependence in the denominatpw(1
+09%Y2+g*¢%] of (|h(q)|?) in Eq. (4) for large healing
lengths. Thus, we anticipate a power-law behavios pf, as

a function of the healing length, which, however, is expected
to be more complex for the case of membranes under tension
(R>0, K>0) due to competition in betweeYr and .

We calculated numericallyr;,, (R>0, K>0) in three
characteristic regimes, represented in Fig.l¥Y (lower
insed, {=Y (upper inset, and/>Y (main schematic In all
cases, we observe a power-law behavigrinear regime for
S> ¢ and asymptotic behavier,,<S™ ¢ (q=c=<4), and(ii)
om~o for S<&. The lowest value=q is attained forY
>/, and the highest value=4, for Y<<{. For tensionless
membranes R=0, o;,=0), We have the asymptotic be-
havior o, ™4 if (>¢, ando,~o if (<& (Fig. 2. For
fluid interfaces K=0, R>0, os,=07%), the rms roughness

10°

the order(0.1-1& where the largest separation of the curves

In Fig. 4 we show thatr;,(H) <o(H)<o,(H) and that

ao

107!

cre

FIG. 2. Schematics of the mean-square surface deviation from
flatnesso, /o vs (/¢ for membranes with zero lateral tensioR (
=0). The substrate roughness characteristicsagre0.3 nm, ¢

o VS Y is depicted in Fig. 3 where the asymptotic behavior=60 nm, H=0 (squares andH=0.8 (circles. The linear regime
oY 2 if Y>¢ andos~o if Y<¢ is revealed. Moreover, in the log-log plots forz> ¢ corresponds to power-law behavior.
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10° expansion ofU(h) around a minimum valugv, application
i ° o of the equipartion theorem vyields finallyJ(/2)(1+ Z*g*

a ° +Y2g2)(|h(q)|?)+(27)2=kT/2.22 Similarly to Eq.(4) (for

101 5, % K, R>0) we obtain orim=(kT/47K)Y2G(Y,7)Y2

o, %, For Y<v2¢{, we haveA;={"?(1—Y*4:%)Y? and G(Y,¢)
5, % is given by G(Y,)=(LA){tan [2Q2*+Y2¢*A,]

102F 5, —tan [Y?/2¢%A ]}, While for Y>v2{, we have A,
‘ =72(Y4404—1)Y2 and G(Y, £) is given by

(crf/cs)2

10°F G(Y,0)=(112A){In[ (A= X )/ (Ax+X5)]
=In[(Ay— X/ (Ax+Xy) 1}
10 ! L

10" 100 with X;=Y?/2¢* and X,=(QZ+Y?/2¢%). Furthermore, we
Yie can determine the temperatufg. below which substrate-
induced roughness dominates the thermally induced rough-
FIG. 3. Schematics of the mean-square surface deviation fromess oro; > o1t m, Which finally leads to the equivalent
flatnessos /o vs Y/ ¢ for fluid interfaces K=0). The substrate condition TY<TSC=Y[477K/kG(Y,§)]Uf2m.
roughness characteristics are,=0.3 nm, §=60nm, H=0 Furthermore, as an example, we consider the case of wa-
(squares andH=0.8 (circles. The linear regime in the log-log ter interfaces where thermally induced roughness;
plots for'Y> ¢ corresponds to power-law behavior. ~0.3 nm(Ref. 13 is observed at room temperature. From
_ roughness investigations at submicrometer length séaies
the rms roughness becomes steeper for tensionless mepyye in many cases 0.85/¢<0.1 (mainly for metallic
branes R=0) especially in the regime of roughness eXpO-gypstrates, e.g., Ag which for é=60 nm yields 3<o
nents 6<sH<0.5. Furthermore, in the latter case we obtain<g nm. ForY<¢&, we have from Fig. 207=0.10 which
the largest global increment for a changetbffrom 0 to 1. yields oy=0r; (~0.3 nm) if 3<o<6nm, while for Y
Finally, from all the curves we conclude that smoother sub~, & we obtain o;<0.10 which vyields oj<or

strate surfacesH~1) at short length scales lead to larger (~0.3 nm). Therefore, thermally induced roughness on the

deviations from flatness of the fluid interface or membranejnierface or membrane can dominate that induced from the

This is to be expected since lateral or surface tension effect§ psirate morphologyo(; < o1¢ ) at system temperatures
prevent the bounded systd(ffuid interface or membrando higher thanT.. and/or Ia}ge heéling length® (> £) since

enter completely the substrate surface crevices that are og;fm< . Moreover, for membranes separated from the sub-
served for smalH (H~0).

) o strate by a water layer, the effect of the substrate roughness
In a real system, thermal fluctuations of the fluid interfacejs qecreased since such a layer would reduce the magnitude
or membrane will also give rise to an additional roughness U”(w) in Eq. (2), hence increasing the healing length and
and must be included in a detailed comparison of fluctuationy, s the importance of thermal fluctuation effects.

properties. Therefore, in the following paragraphs we will = 1a ssociated correlation functiaxgr) = (h(r)h(0)) for

compare roughness induced solely by thermal fluctuationg iqs/membrane interfaces is given in this case, since the
with that induced only by the substrate roughness. If we sej i ations are isotropic, by the equation

z(r)=0 (flat substratein Eq. (1) and consider a harmonic

0.50 Cfm(r):(fzng' (1+q2Y2+q4§4)72
. x * 0<g<Q,
*
vt . X (1+ag??) "+ Hady(anda,
o 040f x
o sl . Lo’ with Jo(x) the first Bessel function of zero order. For the
s . L R case of fluid interfacesk(=0) and forY= ¢+/a, we obtain
;“ 030 |- * Lo L0 ° ° the simple closed form(for Ya,>1; continuum limi}
— 025l et e ° Cf(r)=[02/22+Har(3+H)](r/Y)ZfHKHH(r/Y) with
ool o« @ ° e K, n(X) the second Bessel function of the order{(R).
I R B In conclusion, we investigated fluctuation properties of
015 H Z ° interfaces and membranes. These fluctuations are induced by
otol® © the substrate roughness through the substrate interface or
P T Sy v RTY" membrane interaction. Our calculations were performed in
H the framework of the wetting theory for random substrate

roughness of the self-affine type. We focused mainly on rms

FIG. 4. Schematics of the mean-square surface deviation frorfitérface or membrane roughness amplitudes, because they
flatnesso; /o vs H (substrate roughness exponefor fluid inter- ~ Can be measured in many cases directly by experixeraty
faces(K=0, squares pure membrane¢R=0: star3, and mem-  reflectivity, scanning force microscopy, ot It was
branes with nonzero lateral tensirircles. The calculations have Shown that the rms amplitude scales at large healing lengths
been performed in the regime of healing lengths;=0.3¢. The  (>§&) as a power law of the latter, while the effect of the
substrate roughness characteristicsae 0.3 nm, £=60 nm. substrate roughness exponéhts significant for small heal-
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ing lengths Y<¢, {<¢&). However, these fluctuations only ~ G.P. would like to acknowledge the hospitality of the Ap-
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duced roughness is domingnand healing lengths in prin- teel Onderzoek der Mater{&OM),” which is sponsored by
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