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Solid-liquid interface of a 2-propanol–perfluoromethylcyclohexane mixture:
From adsorption to wetting
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The liquid-solid interface between a silicon substrate and the binary mixture perfluoromethylcyclohexane
~PFMC! and 2-propanol~IP! is examined by x-ray specular reflectivity and diffuse scattering under grazing
angles. The wetting films between the PFMC-rich phase and the substrate are characterized with respect to the
density profile and lateral fluctuations. We find that the liquid-liquid interface of the film is anomalously
broadened as compared to capillary wave theory. This broadening is caused by a locally slow variation of the
density between the liquid phases and marks an adsorption profile that does not reflect the bulk properties of
the film phase. Essentially the same behavior is present for a fused silica substrate.
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I. INTRODUCTION

The understanding of the structure of liquids has reac
a high degree of perfection. It has become possible to ca
late detailed features of equilibrium liquid interfaces on
true atomic scale and as well to experimentally detect th
properties@1–4#. The concept of capillary waves has prov
to be a powerful concept to describe the transition reg
between fluid phases. Additional broadening of the interf
can occur due to the finite molecular dimension of the c
stituents or in the vicinity of the critical points of the adj
cent phases. In the vicinity of wetting transitions an ad
tional component of instability can occur, when, near
transition, a thin confined film of the phase that intrudes
between the second fluid phase and an inert phase tends
thickened due to a delicate balance of interactions. One m
contribution to interfacial broadening comes from capilla
waves. These waves are expressed in the lateral fluctua
of the interface and result in an effective broadening of
interface. The presence of a rigid wall nevertheless lead
an effective damping of the fluctuations@5#. The normally
logarithmic thickness dependence can also be altered
power law decay if short range forces govern the interfa
interactions. A frequent case is nevertheless an overest
tion of broadening compared to experimental results@6,2#.

A recent study of a thin film of a binary liquid mixtur
points out the importance of local density gradients due to
increased bulk correlation length near a critical point@2#
when observing the liquid-liquid interface. The essential
sumption of the above descriptions is that a liquid wett
film can be described by a bulklike thin region with a we
defined interface to the second fluid phase. In binary liqu
this assumption is questionable for ultrathin films and a m
general approach of excess adsorption has to be used.

*Present address: ESRF, BP 220, F-38043 Grenoble, Fra
email address: plech@esrf.fr
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In the present paper we describe the structure at
liquid-solid interface of a binary liquid mixture, which tend
to form a thin layer of the thermodynamically instable pha
at the interface of the stable phase to the solid. The disc
tinuous wetting transition with pronounced pretransition
effects has been reported elsewhere@7#. The present case
deals with the characterization of the liquid-liquid interfa
near the solid wall. The films are observed far from the cr
cal point of the mixture, so that both capillary waves a
intrinsic broadening do not diverge. Nevertheless we fou
an anomalously broad liquid-liquid interface that cannot
understood with the concept of capillary waves alone.
characterizing the interface in equilibrium along the wetti
transition and off coexistence, we shed light on the origin
the broadening. The distinction between lateral fluctuatio
and local broadening of the interface can be made by
measurement of both specular reflectivity and diffuse scat
ing near the specular condition. The first represents inform
tion of the density change uniquely perpendicular to the s
face, whereas the latter is also sensitive to density variat
along the interface, e.g., capillary fluctuations.

II. TECHNIQUES AND MATERIALS

A. X-ray reflectivity and diffuse scattering

In the past years diffraction methods at interfaces~par-
ticularly liquid and soft matter interfaces! have allowed new
insight into the structural and energetical aspects invol
~for a recent overview see@8#!. Here we employ specula
reflectivity and diffuse scattering under grazing incidence
quantify the wetting films, both perpendicular to the surfa
and for lateral properties.

Grazing angle x-ray reflectivity can be described in ter
of classical optics if the appropriate index of refractionn of
the given material is used in Fresnel’s equations@9#. For x
rays,n512d2 ib with
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with r 052.818310215 m, l, andre representing the clas
sical electron radius, x-ray wavelength, and electron den
of the material~dispersion and absorption corrections can
included@9,10#!. Except for the vicinity of absorption edge
the reflectivity can be expressed as a function of the sca
ing vectorQ5(4p/l)sina. This is an excellent approxima
tion for organic materials with lowZ components when us
ing hard x rays.

The important structural information accessible by refl
tivity corresponds to the laterally averaged electron den
profile along the surface normal, denoted in the following
the z direction. Within a kinematic approach, the measu
reflectivity is related to the Fresnel reflectivityRF of an ideal
surface by the Fourier transform of the derivative of the
eraged electron density profiler(z) @11,12#:

R

RF
5U 1

rz→2`
E d^r~z!&

dz
eiQzdzU2

. ~1!

Therefore reflectivity experiments are very sensitive
electron gradients. Furthermore, Eq.~1! indicates that a finite
jump in the electron density, e.g., caused by a layer w
contrasting scattering density, leads to reflectivity osci
tions, the frequency of which allows to determine the lay
thickness. As the x-ray wavelength is typically in the an
strom range, structural details can be derived on an ato
scale. The strong decay ofRF (}Q24) and additional non-
specular scattering contributions limit the accessible mom
tum transfer and, therefore, the spatial resolution of the
periment.

To include data close to the total reflection regime, wh
the kinematical approach breaks down, a generalized Pa
algorithm @13# can be used for simulations, taking into a
count properly multiple reflections, dispersion, and abso
tion corrections by calculating the appropriate reflection
efficients at assumed interfaces and multiplying them i
matrix formalism. Here the approach in the interpretation
the measured data consists in an assumption of density
perpendicular to the surface. These stepped interfaces~mod-
eled by boxes of constant density for a givenz range! ap-
proximate the real density distribution of the wetting laye
by including a broadening of the step edge by, e.g., an e
function with defined width. This root-mean-square roug
nesss of the interfaces was included in our simulations a
cording to Névot and Croce@14#. The advantage of the Pa
ratt approach together with density boxes over
computation of Eq.~1! is a robust fitting of the reflectivity
even at reduced statistical definition.

Interfaces of fluid phases are always corrugated by lat
thermal fluctuations, the so-called capillary waves. Th
fluctuations lead to a broadening of the interfacial width d
to the fact that the measured density profile is always
average over a certain distance within the interface. Exp
sions based on thermodynamic calculations have been
rived, which connect the measured width with experimen
resolution@Qmin ;Qmax# and interface tensiong @15,16#:

se f f
2 5s int

2 1
1

2
B lnF Qmax

2

Qmin
2 1Ae f f/2pgd4G , ~2!
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B representing the amplitudeB5kBT/pg of the capillary
contribution with an important relation to the interface te
sion g In a more rigorous approach, additional cutoffs ha
to be introduced into the logarithm, whereas we focus o
on the leading terms with an instrument cutoffQmin . In
proximity to a hard wall, these fluctuations are effective
damped out leading to a contribution in the low cutoff th
varies with the film thicknessd and the Hamaker constan
Ae f f of the layer system. The major feature of the capilla
wave approach on confined liquid interfaces is the slo
logarithmic growth ofse f f with increasing film thickness
@5,8#, assuming that van der Waals forces govern the inte
cial interactions.

As specular reflectivity is only sensitive to the vertic
structure factor, one needs to include nonspecular~diffuse!
scattering to obtain information about in-plane structu
properties such as fluctuations of the mean surface he
The diffusely scattered intensity can be described within
distorted-wave Born approximation as:

I}uTi~Q!u2uTf~Q!u2S„C~R!,Q… ,

whereTi(Q),Tf(Q) represent the Fresnel transmission fun
tions andS„C(R),Q… is the structure factor of a rough su
face including the height-height correlation functionC(R)
5^z(0)z(R)& @16#. R denotes an in-plane position vectorR
5(X,Y) andQ should be taken as the lateral scattering v
tor in the medium. In the case of a free liquid surface,C(R)
is fully determined by capillary waves. In this case

C~R!5
kBT

2pg
K0~RAdrgg21!,

with the asymptotic behavior of a logarithmic correlatio
function.kB anddr, respectively, denote the Boltzmann co
stant and density difference between the two phases s
rated by the interface.K0 is the modified Bessel function o
the second kind of order 0 with limx→0K0(x).2 ln x. Solid
surfaces are often modeled with the assumption of self-af
roughness distributions with a height-height correlation fu
tion depending on the preparation mechanism@16#.

For a liquid wetting layer on a solid silicon substrat
Tidswell et al. give an expression for the observable diffu
scattering alongQz that also comprises cross-correlatio
terms. The formula has been shown to fit the measured
fuse scattering distribution@17#

I di f f~Q!5
I 0

a iDa i
S r e

k D 2E d3QH TiTf

Qz
e2s2Qz

2
~3!

3@SD~Q!u~rSi2r f i lm!1r f i lmx~Q!eiQzl u2

~4!

1Scap~Q!] % ~5!

with the parameters being the incident anglea i , the angular
divergence,Da i , the ~fitted! scattering function of the sili-
con substrateSD(Q), and the scattering distribution of th
liquid surfaceScap(Q). The latter as well as the interfacia
roughness are quantitatively described within the capill
4-2
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SOLID-LIQUID INTERFACE OF A 2- . . . PHYSICAL REVIEW E 65 061604
wave model@16,15#. Here the cross correlation is express
by a factor that depends on thickness, describing the van
Waals interaction between the surface and fluctuating in
face @18#:

x~Q!5
a2

uQiu2l 41a2
.

In the present study the densitiesrSi , r f i lm were ex-
pressed according to the effective density steps of the su
quent layers, being the density difference of the liquid p
fluoromethylcyclohexane~PFMC! bulk and the IP layer, and
the substrate, respectively. Although the effective interac
of the interfaces in the present case is not necessarily d
nated by van der Waals interactions and thus the descrip
of the cross-correlation factor is not precise, we found t
owing to the low amount of scattering from the silicon inte
face and relatively thick films, small variations ofx(Q) did
not affect the level of diffuse scattering considerably. In a
dition, bulk liquid scattering could not be separated with
the experiment and is included in the phenomenologica
scattering.

B. Scattering setup

In order to access the liquid-solid interface with interfa
sensitive x-ray techniques, we employed an x-ray beam
sufficiently high energy to enhance the transmission thro
20 mm of bulk liquid@19#. The experiments were performe
at beamlines E2 and D4~Hasylab!, using a Si~111! double
monochromator and single monochromator, respectively,
lecting an energy between 18.5 and 20 keV. Even at
energy the transmission through the solid amounts only
7–10 % of the primary intensity. Diffuse scattering and
flectivity have been separated by a detector slit at a la
distance~0.8–1 m! from the sample. The resolution inQuu
was, therefore, given as 331025 (Å) 21. Measurements off
coexistence have also been performed at a sealed anode
ratory reflectometer and MoKa radiation at 17.44 keV@20#,
where the limitedQz range allows a quantification of the film
density but not details of the liquid-liquid interface profile

C. Sample environment and materials

The sample chamber consists of a polished massive s
less steel body with clamped polyimide windows, whi
serve as container walls and x-ray windows. When
sembled, these parts form a rectangular cavity with a h
zontal base plane of 20 mm320 mm, which is occupied by
the wafer substrate. The plane of reflection is, therefore,
tical, but as the grazing angles usually are below 1.5 °,
aperture for the x-ray beam can be kept very small~5 mm!.
Above the substrate the liquids are prepared such as to
a phase separated binary liquid, assuring that the phase
existence is always reached from the undersaturated
The chamber was ultrasonically cleaned in pure metha
and MilliQ water and dried afterwards in a nitrogen strea
The sealed chamber is positioned in a symmetrically s
rounding resistive heater box. The temperature can be
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trolled by means of a Lakeshore temperature contro
model 420 and could be kept stable to several millikelv
over hours. The same should hold for the temperature ho
geneity considering the symmetrical shielding and la
mass of the arrangement. Distortive effects on the film str
ture were observed as soon as the temperature change
the probed surface exceeded 30 mK/min. More experime
details are given in@7,21#.

The liquids perfluoromethylcyclohexane~PFMC, Alfa,
97% fully fluorinated! and 2-propanol~IP, Sigma-Aldrich,
99.5%! were used without further purification. The reprodu
ibility of the critical mixing point of the mixture and the
wetting transition@22# reported in@23# give us confidence
about the defined state of the liquids.

The substrates consisted of Si~111! wafers ~Wacker Sil-
tronic! with a native oxide layer of at least 14 Å and
surface roughness of 2.3 Å as derived by x-ray reflectiv
The comparison was done with polished fused silica waf
~Schott! with a surface roughness of 2.9 Å. Both were c
into pieces to fit into the sample chamber.

The preparation included the steps of cleaning the silic
wafer in pure methanol and MilliQ water and drying it in
dry nitrogen stream. The assembled chamber was allowe
equilibrate at the desired temperature before filling it w
PFMC to form an 8-mm column of liquid above the silico
surface. The surface was characterized with x-ray scatte
before carefully adding 2-propanol on top. At this stage
solid-liquid interface still is formed only by pure PFMC. In
slow diffusional step (}800 min) 2-propanol is enriched a
the interface to form the gravity separated two phase m
ture. By this procedure it is ensured that the liquid is alwa
slightly below coexistence and the wetting film thickness
2-propanol does not overshoot.

III. RESULTS AND DISCUSSION

A. Interfacial structure at two phase coexistence

It is known for the present system that the alcohol-ri
liquid-gas interface undergoes a first order wetting transiti
at 38 °C with an intruding film of the PFMC-rich phas
@23,22#. The film interfaces on the partial wet phase can
sufficiently well described by the existing theory. In additio
we found a wetting transition between the PFMC-rich pha
andan inert solid wallformed by a silicon wafer@7#. Here a
film of the alcohol-rich phase appears, which diverges
50 °C. It is recognized as a first order transition but with
remarkable pretransitional film growth. We attribute this
the dominance of short range interactions@24#. The Hamaker
constant can be modeled by using the optical propertie
silica @25# and is found to be very small (,3310222J) com-
pared to the Hamaker constant at the liquid-vapor wett
transition (9310221J). This assumption is related to the fa
that the silicon surface is covered by a native oxide lay
Indeed we found that by replacing the silicon wafer by
polished surface of fused silica, the main features of the w
ting transition are not altered@24,21#. As an example we
show the specular reflectivity of the wetting film at the si
con interface at 48 °C and at the fused silica interface
48.8 °C in Fig. 1.
4-3
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FIG. 1. Normalized reflectivities at the inter
face of silicon to the PFMC-rich phase with a
intruding IP wetting layer and the same for fuse
silica ~lowered by a factor of 10 for clarity!. The
density profiles corresponding to the simulatio
are displayed in the right image. The dashed li
marks the best fit for a single box model. Th
profile for fused silica has been lowered b
1 g cm23.
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As already reported, the reflectivity at the silicon interfa
can be fitted to a certain extent with a single layer mo
~dotted line in Fig. 1 left!, but a better agreement is achiev
with a two layer model with a slightly modified slope of th
density profile within the first 15 Å next to the solid boun
ary. This can be related to the observation of a den
anomaly already present for pure PFMC~see upper curves o
each density profile in the right image!. Such a behavior ha
been reported following high resolution studies of a pu
liquid to solid interface@3#. A more detailed discussion is no
possible due to the restricted spatial resolution. The resul
excess adsorption profile is marked by the shaded area
addition to the comparable thickness of the films on silic
and fused silica, the same broad transition from the wet
film to the bulk PFMC-rich phase is observed. For the abo
curves we derived 17 Å at the silicon wall and 20.8 Å
the silica wall. The similar interface between the IP-rich bu
phase and the PFMC-rich thin film at the gas-liquid wetti
transition displays widths of only 11 Å for comparable fil
thicknesses@21#. The details of the phase transition for di
ferent substrates will be discussed elsewhere. In summ
the nonuniveral first order phase transition is observed
from the critical point and the film thickness in the com
pletely wet phase exceed 2000 Å.

A second unexpected feature was observed for the den
profile at the solid interface when collecting reflectiviti
during equilibration of the mixture at constant temperatu
The film growth is characterized by a separated change in
density of the film followed by a growth in thickness to rea
the equilibrium wetting film. We attribute this behavior to
close correspondence of the nonequilibrium growth of
wetting film to the structure of the adsorption films in th
single phase region of the PFMC-rich phase when appro
ing the coexistence concentration of IP. This will be d
cussed below. We will first estimate the interfacial width
the liquid-solid interface from theory and compare it with t
roughness derived from x-ray reflectivity measurements
our system.

In principle, the thermodynamics and structure of no
critical fluid interfaces is well understood. As far as no cri
cal point is involved, the local profile should be sharp w
respect to concentration or density down to the order of
bulk correlation length. Additionally this interface can di
play lateral fluctuations that are limited by interfacial te
sion. In the case of a boundary close to a flat substrate, t
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fluctuations are damped out through the effective interac
with the rigid plane. Thus one can normally observe sh
interfaces, which, by laterally averaging the position of t
fluctuating interface, show a broadening of only severa
for typical ~organic! liquid interfaces. As the interface mode
is quantitative with no adjustable parameters, our results
be compared to theory. We use Eq.~2! for the free liquid-
liquid interface width and the damping in the vicinity of
rigid wall, irrespective of the nature of the interactions. A
extension to short range interactions will only affect t
damping for small film thicknesses but cannot alter the li
iting width (z→`). The logarithmicz dependence is a robus
assumption. Using materials constants ofB59.88 Å2,
which contains the interface tension between IP and PF
@26# and a cutoffQmax of 2 Å21, we can calculate the the
oretical dependence of the interfacial width from the fi
thickness. In Fig. 2 we have plotted the derived roughn
for equilibrium films as well as for growing films for the
silicon and fused silica boundary~no difference in both sub-
strates can be found!.

The width in true equilibrium is compared to the interf
cial broadening during the growth of the wetting films. O

FIG. 2. Interfacial width between the IP wetting film and th
PFMC bulk phase obtained from fits to reflectivity measureme
The solid dots represent the width of equilibrium films at a set
temperatures, whereas the open circles are derived from grow
films at a fixed temperature. The lines represent models explaine
the text.
4-4
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SOLID-LIQUID INTERFACE OF A 2- . . . PHYSICAL REVIEW E 65 061604
can see that both data agree well in their dependence on
film thickness. The interfacial broadening is surprising
high and exceeds models for capillary wave fluctuations. T
thin solid line represents the logarithmic growth of the wid
assuming that long range van der Waals forces from the
strate pin the liquid-liquid interface for thin films@according
to Eq. ~2!#. The interfacial tension is taken from Ref.@26#
and it is found that this value can sufficiently explain t
corresponding interfacial width from a PFMC wetting film
the liquid-vapor interface@22#. The intrinsic interfacial width
is attributed to a molecular dimension of the respective s
cies~strictly speaking the radius of gyration! @4#. By includ-
ing an increased intrinsic length of 10 Å instead of 3 Å t
simulation displays an increased width but still cannot
plain the large increase especially for thick films. The th
solid line is given under the assumption of a power l
increase exponent 1/2 and can sufficiently describe the
servation. Such an exponent can indeed occur in syst
governed by short range forces, but it would still require
much larger free liquid-liquid width.

It could be argued that we do not at all observe a conti
ous film in nonequilibrium, but somehow nanoscaled str
tures ~nanodroplets! accumulating at the interface. In th
case, specular reflectivity would invariably give lateral av
ages, which are indistinguishable from a truly homogene
film, so that the smoothly changing density could be m
naturally interpreted as an accumulation of these obje
This would equally well explain the large roughness o
served for these films, without the need for introducing va
able densities. On the other hand, there is no significant
ference between the roughness for equilibrium films a
growing wetting layers. Moreover, at the very beginning
the growth procedure, the roughness should be maximal
should probably decrease for thick films if such objects fu
if droplets were present. Neither is the broadening expla
able by a standard capillary wave approach, which disag
in magnitude and functional behavior. On the contrary,
postulate an interface broadened locally due to a slo
varying concentration across the interface, as we will sh
in the next part the close correspondence to the equilibr
structure in the single phase region of the phase diagram

B. Density profiles in the single phase region

Although it is known that wetting phenomena can only
properly treated if the excess adsorption is used as an o
parameter@27,28#, experiments normally focus solely on th
thickness of the film and assume the density~concentration!
of the wetting phase to be constant. This is a good appr
mation for nonsoluble liquids, but as far as binary liqui
with critical mixing point are concerned, the concentration
the film becomes a variable too.

In our earlier studies we concentrated on the wetting fil
of IP between a~oxidized! silicon surface and the conjugate
PFMC phase. By starting from a zero concentration of IP a
letting the system equilibrate to binary phase coexistence
wetting film appeared with a smooth density change fr
PFMC density to IP density right at the surface. We int
preted this nonequilibrium structural feature as correspo
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ing to an equilibrium situation with a concentration belo
the coexistence concentration of IP. One could argue that
observed density change is a purely transient phenome
realizing the symmetry breaking event at the interface fr
no film to a wetting film. This would imply that such a struc
ture cannot be observed in true equilibrium.

For that reason, an experiment was performed wher
silicon surface was immersed in pure PFMC and IP w
added with a microliter syringe so that the concentration
mained below the saturation concentration at a certain t
perature. This allows to study the equilibrium structure at
interface in the single phase region. Because of the str
demand in experimental time it could only be performed
the laboratory x-ray source. Figure 3 displays the reflectiv
yield normalized to the Fresnel reflectivity of a steplike i
terface. Several points in the phase diagram were exami
particularly one series below the wetting transition (42 °
and one above the wetting transition (55 °C). The right-ha
side displays the density profiles at the interface that fit
reflectivity best. Although theQ range is restricted and th
statistics of the data is not comparable to the data that w
taken at synchrotron beamlines, it was not possible to fit
data with models that keep a constant density of films
different concentrations. The fits show a clear density cha
and thickness growth as the two phase coexistence con
tration is approached. That proves that the film density i
variable in the adsorption regime in the homogeneous ph
The kinetic wetting experiments thus realize a situat
where the film is in equilibrium with its local liquid PFMC
bulk, while the concentration of IP steadily increases with
the PFMC-rich phase. The structure, therefore, correspo
to a well-defined path in the phase diagram from 100
PFMC to the two phase coexistence atcIP5csat @29#. Strik-

FIG. 3. Normalized reflectivities from an interface between t
silicon substrate and the PFMC phase in thermodynamical equ
rium. The concentration of IP has been increased subsequentl
each measurement to approach the two phase equilibrium with
numbers given in the diagram. The lower curve represents a t
perature aboveTw , whereas the curves in the upper diagram a
performed belowTw . The right-hand side sketches the correspon
ing density profiles at the interface.
4-5
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PLECH, KLEMRADT, ASPELMEYER, HUBER, AND PEISL PHYSICAL REVIEW E65 061604
ingly we found the same behavior for this binary liquid
well in the complementary case at the liquid-gas interfa
where a continuous adsorption of PFMC can be obser
@22#. We conclude that a general property of binary liquids
described. Approaching the phase coexistence of a clas
binary systems from the single phase region requires the
sorption at a boundary to form filmlike structures that
crease smoothly in density and in thickness. Looking at c
culations and simulations of simple model systems, e.g.
molecular dynamics or gradient theory reveals that such
tures are easily produced when approaching the phase c
istence. Gradient theory is known to miss the fine structur
a molecular level of adsorbed films, but nevertheless s
calculations find a structure that is amazingly similar to o
results@27#. It might be worth interpreting this in the light o
phase stability in confined geometry@30#.

C. Diffuse scattering

In contrast to other probes for wetting thin films, x-ra
scattering can address the structure of the interface, w
reflectivity contains information about the laterally averag
interface profile, whereas diffuse scattering with a wave v
tor transfer within the interface is sensitive to the spectrum
fluctuations.

To distinguish between lateral fluctuations of the interfa
plane and an intrinsic broadening, we evaluated the long
dinal diffuse scattering that was collected together with
reflectivity in thermal equilibrium for a series of film thick
nesses. The offset angle from specular reflectivity co
sponds to a lateral momentum transfer of 731025 Å 21, and
comprises the integration over a range of momentum tran
perpendicular to the reflection plane due to lateral wide s
included within the analysis. The diffuse intensity was mo
eled according to the proposed expression of Tidswellet al.
@17#, where the diffuse scattering from the substrate, b
scattering, and the~small! contribution from correlated scat
tering @31# to the liquid-liquid interface were modeled from
the data of the pure PFMC-Si interface. The important p
here is the contribution from capillary wave fluctuations
the liquid-liquid interface. Here a model of scattering dist
bution exists that gives a quantitative expression without
justable parameters@32#. We used the formulation of Tid
swell et al. to compute the capillary wave scattering fro
films with increasing thickness and thus increasing fluct
tion due to depinning from the substrate@33#. Figure 4 pre-
sents a set of diffuse scattering results for the pure PFMC
interface and interfaces with wetting films of IP at differe
thicknesses (40.5 Å at 42.70 °C and 61 Å at 47.98 °
together with calculations of diffuse scattering assuming
interfacial tension of 13 mJ/m2 @26#. The capillary wave
contributions are consistent with the normal interface fl
tuation behavior as expressed by both lines for the logar
mic expression in Fig. 2. These simulations show a go
agreement with the increase of diffuse scattering with fi
thickness, and sustain the capillary wave contribution as o
a minor part of the total interface broadening. To explain
increase of broadening as seen in the vertical direction ab
that level from capillary wave contributions, one would ha
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to accept a much larger diffuse scattering. Such an expe
tion is indicated by the dashed line in Fig. 4 by decreas
the interfacial energy by a factor of 4 to reach the level
interfacial width as measured in reflectivity. This is clear
above the experimental results and again implies that
broadening is not due to lateral fluctuations, but of loc
nature.

We conclude that the observed diffuse scattering is
agreement with the capillary wave model. No additional c
rugations of the lateral interface position can be present
the length scale of the lateral momentum transfer, as wo
certainly occur in a disordered system. The specular refl
tivity, therefore, reveals an excess smearing of the liqu
liquid interface compared to the broadening that stems fr
lateral fluctuation. The origin of this broadening can only
of a local character, i.e., a smooth density variation from
IP wetting film to the PFMC bulk phase.

IV. CONCLUSION

Unlike the findings at the liquid-vapor interface, th
liquid-liquid interface displays a considerable broadening
a function of the film thickness. This broadening cannot
understood in terms of increasing fluctuations of capilla
wave nature, but consists of the local broadening of the d
sity transition between the two liquid phases. We come
this conclusion by analyzing the specular reflectivity co
cerning the interfacial width as a function of the film thic
ness that is sensitive to both lateral fluctuations and lo
broadening. This broadening is compared to diffuse sca
ing under grazing angles, which is most sensitive to late
fluctuations. The strong broadening is observed in the d
sity profile perpendicular to the interface but is not confirm
by the increase in diffuse scattering as is should be for
creased fluctuation amplitudes. A number of theoretical
vestigations of model Lennard-Jones liquids using the gra
ent theory or Monte Carlo simulations naturally give effec

FIG. 4. Longitudinal diffuse scattering at the silicon-PFMC i
terface (1), and the interface with intruding IP wetting film with
two different thicknesses~s, 42 Å; d, 62 Å!. The lines represen
simulations for capillary wave theory explained in the text in t
same order as the measured data. The dotted line is a calcul
with a strongly decreased interfacial tension that leads to a str
interfacial broadening corresponding to the interfacial width m
sured in reflectivity~at 48 °C).
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of comparable structure far off from the two phase coex
ence. Indeed the observation of a film profile varyi
smoothly in density when approaching the phase coexiste
is in agreement with this scenario. The wetting film in t
partial wet phase can no longer be regarded as a slab
profile with bulklike properties. Moreover, we observe a d
fuse excess adsorption of the IP species at the interf
which increases smoothly in density and range. It ends
coexistence with a density that almost reaches the IP b
density.

It is still an open question as to how the transition is ma
to films in the complete wet phase, as we were not able
quantify film structures with thicknesses exceeding our re
lution limit of 2000 Å. The free liquid-liquid interface is
certainly also accessible with x-ray scattering techniques.
the present system we found an interfacial width of 18 Å
a preliminary study. This means that if the limit of thic
wetting films is described by a free liquid-liquid interfac
the system has to cross a point where the interface rough
decreases again.
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We gain additional confidence in our results by compar
them with the complementary liquid-vapor interface. The
the anomalous broadening is absent and the width is s
ciently described by the capillary wave approach with t
given parameters. Further work is required to decide whe
the broadening is a generic feature of wetting films at liqu
solid interfaces, or has to be explained by specific inter
tions with the substrate that distort the profile of adsorpti
as found recently in a variety of liquid-solid interface
@5,34#, where depletion or even lamellar ordering can be
duced.
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