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Quenching of capillary waves in composite wetting films from a binary vapor:
An x-ray reflectivity study
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We report x-ray reflectivity measurements of the internal structure of thin wetting films formed on a silicon
substrate from the vapor of a binary mixture of methylcyclohex@€) and perfluoromethylcyclohexane
(PP. At T=30"°C (below the bulk consolute temperature if~46 °C) variation in the difference in tem-
perature between the substrate and the vapor induces changes in film thi@hes435 A) that are consis-
tent with complete wetting of both surfaces, with a MC-rich phase wetting the substrate and a PF-rich phase
wetting the free surface. The width of the internal liquid/liquid interface, however, is found to be noticeably
smaller than values predicted from the convolution of the intrinsic interfacial profile between bulk liquids with
the capillary wave roughness as modified by dispersion interactions with the substrate. The difference is
attributed to the effects of confinement. Although the width of the liquid/liquid interface is less well defined
above the consolute poinT&E60 °C), we still find PF enrichment at the free surface and MC enrichment at
the substrate.
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[. INTRODUCTION of the substrate with respect to the surrounding vapor, which
in turn is in equilibrium with a liquid reservoir of the mix-

The physical properties of thin fluid wetting films are im- ture. X-ray reflectivity is sensitive to electron densities on
portant for a variety of processes, such as lubrication, adhengstrom length scales and has been applied successfully to
sion, catalysis, painting, and coating. In addition, the experiobtain ‘agstrom level measurements of interfacial structures
mental and theoretical study of wetting phenomena over then numerous liquids and solids. In our system the bulk elec-
last three decades has contributed significantly to the curremiton densities of MC and PF differ by close to a factor of 2,
understanding of statistical physit.When wetting phe- which makes x rays very well suited to investigate small
nomena occur within confined geometries as, for example, idensity or concentration variations.
the case of fluids condensing in porous médfishe interest- The much studied binary mixture MC/PF has a conve-
ing new physics involves understanding the competition beniently located upper critical solution temperature Bf
tween the intrinsic bulk properties and the finite length scale~46 °C16-2°At T~30°C, in the region of two-phase coex-
of the confinement. The problem becomes more interestingtence, we find clear phase separation within thin wetting
when the unconfined liquid displays critical phenomenafilms over a range of film thicknesses, with the liquid/liquid
such as for a binary liquid phase in the vicinity of a conso-interface approximately in the middle of the film. This al-
lute point®~8 lows investigation of the interfacial width as a function of

In the present paper we report x-ray reflectivity measuredistance from the substrate. Similar to the experiments on
ments of wetting films formed on flat Si substrates from thepolymer films we find the width to increase monotonically
vapor of a binary mixture of methylcyclohexa®IC) and  with the total thickness of the film and thus with the distance
perfluoromethylcyclohexanéPF. Confinement is between between the two confining surfaces. We calculate the ex-
the Si substrate and the free surface of the finite thicknesgected width as a convolution between the intrinsic width
wetting film. The fact that confinement is in one rather thanand capillary waveCW) roughness, assuming that the latter
three dimensions as in porous matter simplifies certain adgs limited only by long-range van der Waals forces. The
pects of the theoretical problem while allowing direct mea-width of the intrinsic profile is estimated from an extension
surement of fundamental phenomena such as the width of thef a regular solution model developed by Wynblattal 2*
internal interface between separate phases. This is a difficuowever, we observe the experimentally determined width
guantity to measure and virtually all of the published experi-to remain smaller than calculated values by factors of 2 to 5.
mental information concerns the interface between separate The behavior of film thickness versus temperature offset
phases in binary mixtures of long-chain polym&r& In AT between substrate and vapor is consistent with complete
general the observed interfacial widths are smaller than exwetting of the substrate by an MC-rich phase and of the free
pected and this has motivated a number of theoréfieald  surface by a PF-rich phase. This is a direct experimental
computer simulation studiésr*°however, the discrepancies observation of the thermodynamically stable composite wet-
are still unexplained! ting film that was predicted by Evans and co-worlk&rs

The wetting films in the present study are formed from a Above the consolute point, in the single-phase region of
binary mixture of the comparatively small molecules meth-the bulk phase diagram &t~60°C, our results are less
ylcyclohexane and perfluoromethylcyclohexane. The thickdefinitive. However, the density profile across the wetting
ness of these films is controlled through differential heatingfilms is still honmonotonic, indicating that the preferential
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adsorption that exists below the consolute point also prevailduced into the glove box, where it is attached to its holder,
far aboveT,. which is suspended from the lid of the inner cell. Methylcy-
The rest of this paper is organized as follows: We firstclohexang(MC, 99% and perfluoromethylcyclohexariPF,
describe the experimental setup and measurement techniq@6%) were purchased from Aldrich Chemical Co. and used
in Sec. Il. Next we discuss some issues relevant for reflecwithout further purification. Before sealing the inner cell
tivity modeling and theoretical predictions for the liquid/ with an indium ring it was filled with 3 ml of MC and 3.125
liquid and liquid/vapor interfacial widths and wetting behav- ml of PF at room temperature. With a free inner cell volume
ior for PF/MC on Si. We then present the results ofof about 115 cri we estimate the bulk liquid to be within
measurements of the density profiles, interfacial widths, and% of its critical concentration of.=50 vol % after equili-
wetting behavior, and compare them in Sec. IV with predic-bration at 30 °C. X rays strike the substrate 4 cm above the
tions from a regular solution model. We discuss our findingdiquid surface.
further in Sec. V and summarize in Sec. VI. In the Appendix In a typical experiment the temperature for the inner cell
we present approximation methods to estimate the effects @ set and a constant power is applied to the substrate heater.

confinement on CW roughness. Liquid and vapor equilibrate, saturating the vapor phase, and
a wetting film condenses from the vapor onto the substrate.
Il. EXPERIMENTAL SETUP Its thickness is always finite due to the offset in gravitational
potential between film and liquid reservoir. However, since
A. Wetting chamber and sample preparation the substrate is kept at a temperat&& aboveT, the ad-

The experimenta| design is similar to the one used previSOfbed film is always thinner than the value expected from a
ously by Tidswellet al?* to study the wetting properties of Saturated vapor. The chemical potential difference between
several liquids. An isothermal chamber is loaded withwetting film and vapor is determined kyT, which in turn
enough liquid to produce saturated vapors of the substancées the thickness of the wetting film. The temperature on
to be studied. The substrate to be wetted is heated to a highte inside of the cell increases slightly with increasing.
temperature such that the chemical potential of the liquid inVe expect the effects of these shiftsTito have a negligible
the condensed film is above that of the reservoir. Althougtinfluence on the thermodynamics of the system, except in the
the system is not homogeneous across the volume of the ceffoximity of the critical point.
the adsorbed film is in thermal equilibrium at well-defined ~Measurements begin only aftef and AT have not
temperature, pressure, and chemical potential, and gradiertsanged over a period on the order of an hour. At that point
across the thickness of a film are negligible. an x-ray angle of incidence is selected for which the reflec-

In order to optimize temperature stability and homogenelivity is very sensitive to changes in film thickness. It is only
ity, the sample chamber was constructed from two concentrigfter the reflected intensity at that angle has remained con-
independently temperature controlled cells, surrounded by &tant on the order of an hour that we begin systematic reflec-
further layer of conventional foam insulation. The inner cell, tivity measurements. At eacAT we perform at least two
made of oxygen-free high-conductivity coppezontains the Sets of scans to verify the absence of drifts in either film
substrate and the liquid mixture. The temperature of the amthickness or composition, which can arise from changes in
bient vapor,T, at the bottom of the inner cell and the tem- temperature or from radiation damage to the substrate. With
perature of the substrat&+ AT, were measured with ther- this protocol 2 to 4 values cAT can be measured in a 24
mistors that were periodically calibrated with respect to eactour period.
other. Temperature stability was of the ordet mK over a
few hours. The uncertainty iAT is conservatively estimated
to be no more than 5 mK. Two small beryllium windows
allow x rays to enter and exit the inner cell with minimal  Specular x-ray reflectivity is sensitive to the average elec-
attenuation. All metallic surfaces are gold coated. Before fill-tron density profile along the direction normal to the surface.
ing the cell all parts and walls are cleaned with acetone anth a reflectivity measurement the reflected intenkity mea-
methanol, followed by a final rinse with methylcyclohexanesured as a function of the incident angleto the surface,
(95%). The cell is then slightly heated and blown dry with while keeping the detector at an angle- « to maintain the
high-purity Ar gas, and subsequently stored in a glove boxspecular conditiorisee Fig. 1L The wave vector transfer in
under an Ar atmosphere. vacuum is given ag|=q,=(4m/\)sin(a), with A\ being the

The substrate was th@11) surface of a thin Si crystal x-ray wavelength.

(32x19%x 2.5 mn?). Before mounting the substrate under- We collected x-ray reflectivity data from two fillings of
goes a cleaning cycle consisting of three ultrasonic baths ithe wetting cell at the rotating anode x-ray source of the
the order trichloroethylene, acetone, and methanol, followedHarvard Materials Research Laboratory, and from three
by rinsing in water, boiling in a sulfuric acid/hydrogen per- separate fillings at beamline X22A at the National Synchro-
oxide (70/30% by volumgmixture for 30 minutes at 70°C, tron Light Source(NSLS) at Brookhaven National Labora-
and extensive rinsing in watét.The wafer is then stored tory.

under water for short times until the sample cell is ready for Measurements taken at the rotating anode utilized Cu
mounting. All water used is ultrapure(resistivity Ka, radiation (=1.5405 A) selected with a GEll)
=18.2 MQ) cm). After removing the substrate from the wa- monochromator. The scattering plane and surface normal
ter it is blown dry under a high-purity Ar stream and intro- were horizontal. The incident beam typically was defined by

B. X-ray measurements
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i additional examplesFor most reflectivity measurements the
experimental conditions are such that the surface structure

. can be understood as a convolution of the thermal roughness
K K with a suitably defined local structure that is not very differ-

" out ent from the way one would interpret the reflectivity in the
absence of logarithmic behavior. For more complex layered
o § surfaces the effects can be subtle; however, it is fortunate
P d, P2 s that these subtle effects are not really important for the mea-
M g 0 G2 surements to be reported here. A detailed discussion of these

! LIS effects will be presented elsewhérehowever, in order to

S Peo give the reader some confidence in the present results the
basic ideas are sketched below.

In general the specularly reflected intensiRyq,) from
any surface can be calculated from the convolution between
a general expression for the differential scattering cross sec-
p1), and a PF-rich layeP (thicknessd,, densityp,). The width of tion do/d() and an in_s_trumentalzerae;olution function cen_tered
the liquid/liquid interface is given byr,, and the width of the at the §p¢cular condition,, = 0.7 ,If the surfape consists
liquid/vapor interface byrs. of N distinct layers on a substratée., N+ 1 interfaces
R(g,) can be represented in the Born approximatiBA) as

FIG. 1. Scattering geometry for specular reflectivity=3).
The schematically shown stratified model for the density profile
along the film normal consists of the semi-infinite subst&tden-
sity p.,, roughnessr;), an MC-rich layeM (thicknessd,, density

slits of height 2 mm and width 0.05 mm at a distance of R N+1
about 30 cm before the sample. Detector slits of height 6 mm (92) - [0,(q,)]%e" 2ol (ay)
and width 1 mm were situated 30 cm after the sample. Re(q,) &1 - "

The wavelength used at beam line X22A of the NSLS was
1.197 A. The beam was focused vertically by a bent mirror.
A sagittally focusing SiL11) monochromator was defocused
horizontally for most of the measurements to minimize
radiation-induced changes in the wetting properties of thevhere Eq(1) is normalized to the Fresnel reflectiviB(q,)
substrate. At X22A the direction of the incident beam isfrom an ideal substrate/vacuum interface with a step electron
fixed and scattering is measured in the vertical directiondensity profile. The expression in EQ) is valid for angles
Consequently, in order to vary the angle of incidence relativer=(4—5)a., Wherea, is the critical angle for total exter-
to the substrate the orientation of the surface normal wasal reflection]q.= (4m/\)sin(e;)=0.0317 A~* for Sil.
varied from pointing upwardsa=0) to no more than 4 ° The functions®;(q,) representing the theoretical scatter-
from that direction ¢,<0.75 A~ ). The incident beam size ing amplitude from theth interface when thermal fluctua-
was defined by slits placed about 407 mm before the sampléons are neglected contain detailed information about the
(0.05 mm high and 0.6 mm widleOn the detector side one local electron density profile across the interface. The terms
set of slits (2<2 mm) at the entrance of an evacuated beantl;; denote the average distance along the surface normal be-
path 181 mm from the sample served to reduce backgroun@aveen theith and jth interfaces. The effects of surface
scattering. Detector slits of height 1.2 mm and width 1.0 mmroughness, whether static or thermal, are included in the
were placed 530 mm after the sample. Since the anguldpebye-Waller-like factors
spread in the substrate surface normal is negligible compared

N+1

2 2
+§J 0,(g,)0;(a,)e %7 %cog q,dyj), (1)

to the vertical divergence of the incident beam, the latter ~aZo? (4 — 42 f 42

determines the resolution ig,, which we estimate to be T (2m)% ) g edres ey | & Ty

2.6x10 % A~1. In order to remove effects of diffuse scat- g

tering from anything other than the sample surface off- Xeidxnyye—%q?([ui(rxy)—uj(o)]z)’ 2)
specular scattering was measured a8+ 0.1 deg and sub-

tracted from the intensity at the specular condition. where g, iS the projection of the experimental resolution

volume onto the,, plane andu;(r,) describes the fluctua-
tions in the height of interface
IIl. THEORETICAL BACKGROUND The subtleties referred to earlier have to do with the dif-
A. X-ray reflectivity ferences in the way in which the correlation functions
_ ) ) L .. {ui(ry,)u;(0)) behave for different systems. The simplest
_ When dealing with scattering from liquid surfaces it IS ca5e might be a surface with a rigid local structure whose
important to remember that as a result of thermal excitation,sition along the surface normal fluctuates because of ther-

the height-height correlations induced by long capillary gyl excited capillary waves. For such a system the differ-
waves between two points on the surface exhibit a logarithgnt correlation functions are all proportional to one another
mic dependence on distance that is only terminated through,q the reflectivity can be expressed‘as

the effects of either gravity—2%or van der Waals attraction

between liquid and substreté® This effect has been stud- R(q,) - d

ied by a number of workergReferences 31 and 32 are some WQ) =‘ J dzd—Z
F{Mz —®

2

(p(2))

o0

e—iqzz

()
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wherep., is the bulk electron density of the substrate. ting film consists of two distinguishable layeRER->1 is

For more realistic models  (u;j(ryy)u;(0)) only possible if $,>¢4,. The conclusion is that for this
#(Uuy(ry,)u;(0)) and this simple expression cannot be usedmodel, observation oR/Rg>1 for any g, implies that the
When these inequalities are combined with the fact that thelectron density profile is nonmonotonic.
resolution areaq,.s varies with the incident angle, the, In our films p(z) varies over distances comparable to
dependence of the various;(q,) Debye-Waller-like factors g:.', and the reflectivity contains important information
in Eq. (2) becomes complicated. Fortunately these complicaclose to the critical angle. For quantitative data analysis we
tions are not important for the present measurements. therefore employ the Parrat formalisthwhereq, is a com-

The binary MC/PF wetting films on a Si substrate studiedplex number that depends on the index of refraction and
here can be well described by a two-layer, three-interfacebsorption in each layer. This formalism remains valid close
model. The substrate/liquid interface<(1) is assumed to be to the critical angle. We use two slightly different methods to
flat with a finite fixed roughness. The fluctuations at theimplement it. In the first methotmethod ) the density pro-
liquid/liquid (i=2) and liquid/vapor (=3) interfaces and file is represented as a two-box model with sharp interfaces.
the cross-correlations between them should be determinddterfacial roughness is included through multiplication of
primarily by the interfacial tensiong; and van der Waals reflected and transmitted waves by termsexp
interactions. Quantitiative estimates based on these forcgs-q,;q,; ,,07), with q,; andq,,  ; being the complex wave-
and the relevant experimental parameters indicate that for thgector transfers in the layers bordering interfaé&®” This
range ofg, in our measurements the integrals in E2).can  treatment becomes inaccurate when the roughnesses of
be evaluated by treatingu;(r,y)u;(0))<(u;(0)%,{u;(0)®  neighboring interfaces are comparable to or greater than the
for all i,j.%® Consequently, all of the reflectivity data pre- thickness of the layer that separates t#&im such cases we
sented here can be analyzed based on a one-dimensiorametrize the density profile according to ), approxi-
(1D) average electron density profil@(z)). The simplest mate the profile by splitting it into 1 A thick slabs of con-
conceivable model that fits the data well is given by a two-stant density and zero roughness, and apply the exact Parrat
box model consisting of the Si substrai@ectron density method to obtain the physically accurate reflectivityethod
p-.) and two layers of densitigs; andp, and thicknessesd;  I1). For a 40 A thick film the latter method thus calculates
and d, for the wetting film. All interfaces are assumed to reflection and transmission for more than 40 interfaces, while
have error function profiles, consistent with Gaussian roughmethod | uses only three interfaces.
nesses. We parametrize the density profile as follows: While for smallq, the Parrat formalism is more accurate

than the Born approximation, the above discussion of quali-

(p(2)) 1 z ) tative features iflk/Rg remains valid in the Parrat formalism.
=1+=(¢p1—1)| 1+erf
* 2 \/50'1
B. The liquid/liquid interface
+ E(¢2_ é1)| 1+erf z dl)l Most of our measurements were performed at30 °C,
2 \/502 where the PF/MC mixture has a wide miscibility gap. In the
following we therefore describe theoretical expectations for
Ly 1vert z—(d;+dp) (4 the liquid/iiquid interface that forms when the binary liquid
272 \/503 ' separates into a MC-rich and a PF-rich phase.

For a bulk binary solution, as a result of the lower surface
where ¢;=p;/p.., o1 is the roughness for the substrate/tension a PF-rich phase wets the MC-rich/vapor intefface
liquid interface,o, the roughness for the liquid/liquid inter- against gravity despite its higher mass density. This behavior
face between the two layers, and the roughness for the is typical for hydrocarbon and perfluorocarbon mixtures, and
liquid/vapor interface. In this model, both the intrinsic inter- it can be explained by a mean field theoretical approach from
facial width and the mean-square fluctuations of the interfathe lower molecular number density of the phase rich in the
cial height of interface are contained in the roughness pa- perfluorocarbori? In addition MC has been found to wet the
rametero; . PF-rich/SiQ /Si interfacé® in bulk mixtures. It is therefore

At T=30°C the relative bulk densities for the pure lig- reasonable to assume that a wetting film formed from the
uids ¢pr and ¢y are 0.730 and 0.374, respectively. Basedbinary vapor could phase separate into an MC-rich layer at
on the phase diagram by Heady and Cdtihe correspond- the solid substrate and a PF-rich layer at the liquid/vapor
ing values for the coexisting phases in the bulk mixture arénterface, thereby forming a composite wetting fifrwith an
0.677(PF-rich and 0.424MC-rich), i.e., there is good con- internal liquid/liquid interface.
trast to detect phase separation with x-ray measurements. The average profile of this interface can be represented as
Layer thicknesses can be extracted from the periods of chaa convolution of profiles reflecting the intrinsic widthy, and
acteristic oscillationgKiessing fringeg in the reflectivity. roughness due to thermal capillary waves. The intrinsic den-

If the wetting film covering the substrate were homoge-sity profile across the interface between bulk phases of a
neous, then for the materials properties just discussed tHainary mixture is well approximated by an error function of
single value ofp;= ¢,= $p<1. It is straightforward to dem- width ~2¢&,, whereé, is the bulk correlation length of the
onstrate that for¢<1 the maximum value of the ratio mixture?* For the mixture PF/MC the bulk correlation
R(0,)/Re(q,) =(1—2¢)?><1. On the other hand, if the wet- length &, aboveT, has been determined from ellipsometry
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measurements to be 2.79 ];&,Using the universal ratio for TABLE I. Simple estimates for Hamaker constants from Lif-

the 3D Ising modeE§/§5:1.96 (Ref. 43 and the scaling shitz theory(Ref. 47 and from surface tensions at 30 °C. The static
relatiorf4 Eo= & (IT=T/T )—0.63we obtaing,=9.32 A at dielectric constants and characteristic UV absorption frequencies
T=30°C 0 e used in the Lifshitz theory were taken from Ref. 40. F refers to

The CW-induced roughness is estimated by integratin(fioz'
the mean-square amplitude of CW modes with in-plane sur-

HH — 20 a — 20 b
face wave vector§dyy}: ! Ay (10779) Ay (1079)
SM 17.4 -
U(Z:W:ki-l;fqmax Ay keT (qéax+ §|2) |:\/|/I|\F/|) g.zé 4.86
AT Yyt &2 ATV Rt g . o > o )63
SP 13.9 -
whereksg is the Boltzmann constany, is the interfacial stiff- FP 4.9 -
ness, andé| is a characteristic length at which capillary EM 6.2 -

waves become quenched by an external potential. It is due to
gravity in bulk liquids and van der Waals interactions with ®After Eq. (39) of Ref. 47 (Lifshitz theory).

the substrate for thin wetting films. The validity of an PAfter Eq. (11.39 of Ref. 45(surface tension

equivalent description has been demonstrated in recent x-ray

scattering experiments on the liquid/liquid interface in a bulkested in the ¢;,d,) dependence of the excess free energy
mixture of hexane and perfluorohexalieror thin wetting  per unit area of this system, which can be written in the form
films ¢ is given by

1 /ASM_ASP+AMP_AMM+ASP_AMP

2my| 12 G(dy,d)=
§=d§(A—’y) , (6) 1277\ d% (dl_FdZ)2
eff
whered, is the distance between interface and substrate and + Awp~App . (8)
A is the effective Hamaker constant for positional fluctua- d%

tions of the interface around a potential miniméiwe dis-

cuss and quantitatively estimatg.; further below. The bet wo bodi st ¢ A
lower integration limit,q,,, is defined by the projection of vacuum between two bodies consisting of componed

the x-ray coherence area onto the surface. Its value variés;%Sp_egt'VEM t\rI1Vhen ﬁ?‘pa”f't"r‘]@,\;j’; _sr?alfl ggctuatlonds
with the angle of incidence, but is typically on the order of U= 91~ U1min IN th€ poSition oF the Intertace, aroun
micrometers. The value df,,,, depends on the statistical a potential Minimund xi, with d; +d, fixed one obtains
properties of the surface. For noncritical liquids the maxi-

Aj; is the Hamaker constant for the interaction across

2
mum is usually taken to be the value for which the total 5G(u):G(u)—G(0)%1 J E‘uzzi Aet w2, (9)
number of surface modes corresponds to the number of sur- 2 du 47 df in

face atoms, i.e.x27w/By, whereB, is the size of a liquid h he effective H K hat d . h
molecule. However, for liquids exhibiting critical correla- Where the efiective Hamaker constant that determines the

tions a better value is probablyr2&,, where the effects of energy per unit area associated with small fluctuatiors; in

fluctuations with shorter wave vector are contained in thdS 9\V€N by

intrinsic width. For PF/IMCBy~6 A, which is comparable

to the value foré, at 30 °C estimated above. We will show Agi=Asy—Aspt Ayp—Aum+ (Apyp—App),
below that for the present experiments/2|,,i»> £> By, ex- (10
cept for the thinnest films, wheg~ B,,.

Assuming that bottw, and the contribution from capil- i.e., A; depends on the ratio of the two film thicknesses. In
lary waves can be represented by error functions, the totalable | we compare estimates for thg; from surface
width arising from the convolution of both profiles can thus tensioné® and Lifshitz theory*” We show below that these
be described by values of A;; imply that d;~d,. With d,=d, and our

5 " choices ofA;;’s one obtainsAg=3.3x10 %’ J. This leads
ﬁ e 277)32 ) to a CW roughness of 10-25 A and pdtsbetween 3.3 and
Bo | Acf (2m)™| 330 A for d; between 10 and 100 A.
The CW roughness given by the second term in&gis

As a plausible estimate foy we use the average of two based on the leading? term in the expansion for the van der
measurements of the interfacial tension in the bulkwaals potentiabG(u) [Eq. (9)]. As such it is only accurate
mixture;”*8 0.58 mN/m. To estimatél; we consider a when the interfacial width is significantly smaller than the
stratified system consisting of the semi-infinite substr&e (  distances between the interface and the confining “hard
a layer of pure MC i1, thicknessd;) and another layer of walls.” In the Appendix we attempt to take into account the
pure PF P, thicknessd,).*® Thermal fluctuations in the in- higher-order terms in the expansion 66(u) in order to
terfacial position affecd; andd,. We are therefore inter- estimate the effects of confinement on CW roughness.

d,\*

dz

2_ 2
o“=wp+ -—In
0" 27y
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C. Wetting film thickness and the liquid/vapor interface IV. RESULTS

The Hamaker approach can also be used to make predic- For the range off, over which our data were taken we are
tions about wetting film thickne$b and the width of the not compelled to include an expected 10-15 A thin native
liquid/vapor interface. For this purpose we add two terms tayxide layer in the model for our substrate for two reasons.
the excess free energy of E@). The first term is due to the  First is the empirical fact that data from both the bare and the
chemical potential differential arising from the offset be- wetted substrate can be modeled with or without a suitably
tween the temperature of the substrate and that of the solypugh oxide layer, with any differences for the wetting film
tion Ap;=(dui/dT)pAT~H;AT/T, wherei,j=1,2for MC  parameters well inside the error bars shown. Second is the
and PF, respectively, ard is the latent heat of vaporization practical fact that data from our samples are not necessarily
per molecule of componenf* The second term arises from expected to be sensitive to the presence of a thin oxide layer.
the gravitational energy. The total excess free energy per unithe electron density of SiQs within 3% of that of pure Si,
area is now given by which leads to relatively weak interference fringes. Also the

fringe period would be very large due to the expected thin-

G(dy,dz,h,AT)=Go(dy,d2) +d1(nH1AT/T+ghpy) ness of the oxide. In addition the measured reflectivity data

+dy(n,H,AT/T+ghp,), (11  from the bare substrate fall off with increasing angle, indica-

_ _ N ) tive of an rms surface roughness on the order of 3.5 A. This
with n; being the molecular number densitieshe height of  means that both the overall reflectivity and the amplitude of
the film above the liquid reservoir, angl the mass densities. jnterference effects due to a thin oxide layer become small at
The equilibrium thicknesses are obtained fré®/dd;=0  suych small angles of incidence that the data presented here

(i=1,2). Definingc=d,/d, the two resulting equations can are rather insensitive to the presence or absence of native
be solved forc and one obtains for the total film thickness qxide.

|=dl+d2

=dy(1+c) Figure 2a) shows a set of reflectivities from a single fill-
(Asy—Aspt Ayp—Aum) (1+€) 3+ Agp— Ayp| 13 ing, mee_lsured_ sequent_ially_ﬁtz BQ °C with increas_ing&T.

= The rapid oscillationgKiessing fringes are due to interfer-

6m(H1mAT/T+ghp,) ence between reflections from the solid/liquid and liquid/

(120  vapor interfaces. ASAT is increased the period of these

. fringes increases, i.e. the film on the substrate becomes thin-
With the values from Table ¢ ranges from 0.9454T  ner. In all but the thinnest filmsdg +d,=30 A) the normal-

—) t0 0.859 AT=5 mK), i.e., the liquid/liquid interface jzed reflectivity R/Rr exceeds 1 at the first maximum for

is expected to be located close to the middle of the wetting >q.. As discussed in Sec. Il A, the; for both liquid

film. For large values oAT where the gravitational energy components are smaller than one, and the wetting film there-

A. Density profiles atT=30°C

can ??/3neglected the film thickness dependsAdnas|  fore must have a nonmonotonic density profile. Thus the
«AT™ ™%, as expected for van der Waals interactions withsimplest model to allowR/R->1 consists of 2 layers, with
the substrate. $1<¢,, in agreement with MC being favored at the sub-

The liquid/vapor interface is also broadened due to capilstrate and PF at the free surface of the wetting film.
lary excitations. The surface tensions for the pure bulk lig-  Taple 1| gives the best fitting parameters for the two-box
uids are 12.5 mN/m and 23.15 mN/m for PF and MC, re-model. The confidence limits are taken from the size of the
spectively, roughly 20-40 times greater than at the liquidihonlinear support plane in the space of fitting parameters.
liquid interface. According to EqS) the CW roughness at For our model we find these error estimates to be more real-
the liquid/ivapor interface is therefore much smaller than afstic than the conventional error bars derived from the varia-

the confined interface. We consequently neglect positionajon of a single parametéf,which are 3—5 times smaller in
correlations between the two interfaces. Thus the effectivgyyr case.

Hamaker constant for fluctuations at the free surface can be | Fig. 2(b) we show the density profiles from the best fits

written as of the two-box model to our data. All three profiles show a
composite wetting film with a PF-rich layer at the free sur-
At~ 4(Asn—Aun+Aup—App) + 3(Anp—Asp), 13 face and an MC-rich layer at the substrate, in qualitative
(13 agreement with expectations. The density of the MC-rich
where we used~1 for simplicity. The value ofo; would  layer coincides with the value for pure MC. The difference
change by less than 1% if we were to use the exact values fap,— ¢, is close to 0.28:0.02. This is smaller than 0.253,
C. the corresponding value from the bulk phase diagram. For
The intrinsic width of the liquid/vapor interface for di- the other fillings best fits for films of similar thickness give
electric bulk liquid4® and thin wetting film& is typically ¢, in the range 0.36—0.44 and,— ¢, between 0.21 and
found to be zero or negligible compared to CW roughness0.24. The PF-rich layer is thus found to be less dense than in
Studies on high-surface-tension liquid metal surfaces, whera bulk mixture.
CW roughness is even more reduced, found intrinsic widths For all but the thinnest films the best fit values for the
of only 0.3-0.37 A%® width, o, of the liquid/liquid interface is rather large at 10—
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FIG. 2. (a) Normalized reflectivities ahT~7.5, 39, and 214
mK (top to bottom,T=~30 °C). Lines are two-box model fits using
method | as described in the texh) Density profiles from fits to
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FIG. 3. Width of the liquid/liquid interfaced,) as a function of
distance from the substrate &t=30 °C (method ). Open circles,
squares, and diamonds are from synchrotron data, and open tri-
angles from rotating anode data. The two topmost dashed lines
show predictions according to Eq7) with y=0.58 mN/m, B,
=6.0 A, andw,=2&,=18.6 A. The top line considers long-range
interactions only, while the line below it includes both long- and
short-range interactioni®ef. 15. The third line from the top shows
the contribution from CW roughness only¢=0), but otherwise
uses the same values as the topmost line. All three linesAyse
=3.3x1072°J. The filled squares are results for the intrinsic width
wy(d,) based on the regular solution model, and the arrow at the
right axis marksw,()=16.15 A (see text The filled circles show
the self-consistent CW roughness alone based on dsl) and
(A19) and include the effects of higher-order terms of a long-range

the data in(a). The gray dashed lines mark the relative bulk densi-van der Waals potentidsee the Appendjx The crosses, which are
ties for pure PF, the PF-rich, and the MC-rich phase at 30 °C, anthe convolution of the data shown by filled squares and filled

pure MC (top to bottom.

circles, represent the theoretically expected interfacial width.

15 A. The results forwr, are shown in Fig. 3. As a conse- show the best fit with all parameters varied and the best fit
guence of the large interfacial width, the effect of the inter-with o, held at specific values.

face on the reflectivity is confined to small valuesggf and
the precision with which the differenab —d, can be deter-
mined is considerably less than that of the suym-d,. Nev-

For values ofo, between 7 and 25 A the reflectivity is
sensitive to the presence of the liquid/liquid interface only in
the region ofg, below about 0.1 to 0.15 Al. Increasing,

ertheless, it is clear that for all of the data the position of thebeyond the confidence limit given by the error bar in Fig. 3

interface is close to the center of the film.

leads to a visible deterioration in the match between data and

The plots in Fig. 4 illustrate the manner in which infor- fit.
mation on the liquid/liquid interface is manifest in the data. ~ For the thinnest filmsd;+d,<40 A) we find different

The open circles are a typical data set takeh-aB0°C. We

sets of fitting parameters that lead to fits of comparable qual-

TABLE Il. Fit parameters for the fits shown in Figs. 2 andnBethod ). o; was held fixed at 3.5 A. For
the thinnest film two sets of parameters are given. The first set is from fitting to datg,#th15 A~* only
and is depicted in Fig. 5. The second set is from a fitjzz0.07 A2, which fits the first minimum very

well, but lies too low aig,>0.4 A~ (not shown.

d;+d; (A) d;—d; (A) b1 b= b1 g1 (A) g2 (A) g3 (A)
109.8-0.2 21+6 0.379:0.017 0.19%0.029 3.5 11.73.3 5.5:0.5
90.1+0.2 4+7 0.375-0.012 0.194:0.023 35 12.81.8 5.2:0.4
55.8:0.3 —-3%5 0.382:0.015 0.20%0.027 3.5 9.52.0 4.6:0.4
34.00.2 —-5*5 0.45-0.10 0.14-0.10 3.5 1.22.0 3.7+0.4
33.9-0.2 0+4 0.504+0.012 0.136:0.020 35 2514 3.4£0.3
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0.001
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FIG. 4. R/Rg from a film atT~30 °C (open circlesand best fit
[solid line, 0,=9.6 A,(¢,— ¢,)~0.21], and from a film atT
~60 °C(closed circlesand best fi{gray line. The dashed line is a
best fit to the 30°C data witlr, held fixed at 12 A, and the
dash-dotted line usas,=25 A. Usingo,>25 A gives essentially 0:25
the same fit as the dash-dotted line, since for this width reflections
from the liquid/liquid interface are negligible beyond,
~0.08 A™%. In order to fit the 60 °C datap,— ¢, has to be re- o 0 ' 20 ' 10 ' 50
duced below 0.1. In all cases the data are not fitted dor z [A]
<0.035 A%, since for those values the sample does not fully in-

tercept the incident beam. FIG. 5. (@ Normalized reflectivites atAT~963 mK (T

. . . . . ~30°C). The solid line is a two-box model fit using method I,
ity. Figure Sa) showsR/Rg for a 34 A thick film. The solid  \yhjle the dashed line shows a fit using method Il as described in the
line is an example of a fit using method | resulting dn text. (b) Density profiles from fits to the data {i). The solid line is
=1.3 A. The fit at the first minimum ifR/Re can be im-  from method I, and the dashed line from method II. Again the gray
proved by increasingr, to values where the different inter- dashed lines mark the relative bulk densities for pure PF, the PF-
faces are not separable anymore and method | becomes uiieh and the MC-rich phases at 30 °C, and pure {t to botton).
physical. At the same time the fit then significantly
underestimateR at largerq,. The dashed line is a fit using
method Il. It matches the data very well up tg,
~0.4 A1, but lies below the data for largey . The density
profiles for both fits are shown in Fig(t9. While the physi-

0.75 F

0.50

<p(2)>/p,,

We also show predictions from Eq(7) with wy
=18.6 A and for comparison witvy=0. The discrepancy
between theoretical predictions and experimental results is
cal results for method | show clear phase separation, methd%[opogncgd. In arder to repraduce the expenmental data hath
Il leads to an almost linear increase in density from a mini-mtrInSIC width and C"’?p'”ary wave roughne;s W.OUId have to

ge smaller than predicted, since both contributions by them-

mum close to the substrate to a maximum close to the freselves as calculated above exceed the measured values. Also
surface without any region of constant density. The true den; )

; - - llustrated in Fig. 3 is the effect of adding short-range poten-
sity profile probably lies somewhere between the two model% : . .
; . ials as discussed by Binder and co-work€rS The discrep-
Gonsiy diference botueen local minimum and masdmum <215V 1S not signifcantly reduced. Entropi terms that imi
smaller than in the thicker films, and it is found to decrease%‘e flutctlljgztmns at It_hgblcqnfmed mierfa;:@ej islg%sc[ll_tr)]ed by
with decreasing film thickness. osseta. ™ are Negugible in our system faf, = - 1he

To summarize, the results show that the substrate is we i_[led circles in Fig. 3 show the CW part of the width when

ted by a composite film with an approximately pure MC igher-order terms in the van der Waals potenéi@l(u) are

layer at the substrate and a PF-rich layer at the free surfacgflken into accoun(see Appe_ndl_x it predicts reduced CW
roughness, but the results still lie above the measured values

The best fits place the interface between the two liquids half- . .
way between the free surface and the substrate. even forWO:O.' One pps§|ble reason for the differences be-
tween theoretical predictions and our measurements could be
that eithery or wy somehow depend on film thickness and
are therefore not equal to their values fiy,d,—x. As
Best fit results from method I for the width of the liquid/ argued previously'*?it is intuitively clear thatw, has to be
liquid interface,o,, are shown in Fig. 3 as a function of limited by the film thickness, and it is reasonable to assume
distance from the substrate;. Despite the large uncertain- that wy(l) already differs from the bulk valugvy(ec) for

ties an increase i, with increasingd, is discernible. some value of =d;+d,>wg(%). An increase in the inter-

B. The liquid/liquid interface
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facial stiffnessy with decreasing film thickness could also . ' ' ' '
contribute to the observed behavior. Recent computer simu
lations of the confined interface of a binary polymer mixture
were interpreted in terms of just this efféét!*Although for
our system this does not appear to be a likely explanation for g
films over 200 A thick(i.e., 6—7 times the predicted interfa-
cial width) the effect has to be considered.

In an attempt to better estimate how confinement affects
capillary waves andv, separately, we calculated the intrin-
sic width by using the regular solution model for a binary
mixture developed by Wynblatt al? for binary metallic
alloys. The model assumes a finite internal energy from-:
nearest-neighbor interactions with bond energigs(i, ]
=M,P) and an ideal solution entropy. It consists of a finite °r , . , . , 1
number (n) of layers of fixed molecular number density, 0 25 50 75 100 125 150
where each molecule has six nearest neighbors within the totol fim thickness | [A]

layer and three nearest neighbors in each of the two neigh- £ 6. width of the liquid/vapor interfacerg) as a function of
boring layers. Each layer is characterized by its compositioRgta film thickness from synchrotron data from three separate fill-
xc(k=1,...n), which we take as the molecule fraction of ings. The dashed line shows predictions from Eg. with y

PF, orP in short. The surface excess free energy is calcu=12.5 mN/m(bulk PP, while the solid line usey=23.15 mN/m
lated layer by layer and minimized through variation of the (bulk MC). Both cases usa,=0. See text for discussion.

X; . We extend this model through the addition of a van der, _ _ _

Waals energy-u;s/k® due to the interaction between sub- interfacial roughness are neglected in this model, anq for a
strate(next to layer 1 and thekth layer. The chemical po- Small number of layersn(<6 or d;<23 A) the resulting

tential difference between the reservoir and the adsorbed filfr0files no longer justify the concept of an interface between
due to AT#0 is taken into account through,AT/T,2* two coexisting phases. For=7 the calculations show a re-

duction inwg by up to a factor of 2 relative tavy(«). It is

-
T

liquid/vapor interfacial wid

wherelL; is the molar latent heat of vaporization for compo-

nenti. Each layer contributes a potential energy téppx, ~ /SO interesting to note that even at; ~60-80 A
+pu(1—x)]gAh, with p; being molar mass densitieg =4wy() the width has still not reached its predicted bulk
=9!V'81 m/.é and ,Ah is thle height of the film above t'he value. Finally the crosses show the convolution of the esti-

liquid reservoir. We estimate, = —3833 J/mol andipp mate for the intrinsic width with the reduced CW roughness

= —2083 J/mol from the surface tensiomsand the average der'i\ved in thﬁ Afptp;]en?jix. it q tainty in the i
of the areal molecular densities for the pure liquidsvia di 'dS al resuft o d N ?rge fsca _;ar_ ag_ﬁ_unlc:;etr alnty mt e n-
Uj; = — 20 /3.2 Setting T, =319 K and usingT .= (6/Ry) ividual measured values far, it is difficult to extract an

accurate value for the capillary wave contribution. Neverthe-
less one can see that interfacial fluctuations are strongly or
cRerhaps even almost completely suppressed. If, for example,
we assume based on the regular solution model thal; at
=45 A wy=~11 A and the measured total interfacial width

Ly =3.494x 10" J/mol andL p=3.419< 10* J/mol from va- a2~13 A, the CW roughness would have to be only 7 A,

por pressure dafd. The interlayer distance is taken to be compared to the valug of 21 A predicted by Eg). This
6.435 A value could be achieved, for example, by setting

~7 mN/m; however, this corresponds to a 12-fold increase
Jelative to the macroscopic surface tension.

X[ump— (UumTUpp)/2], with Ry being the gas constant,
then determine thaty;p=—2516 J/mol, i.e., the MC-PF in-
teraction is about 10% weaker than the geometric mean
the interaction between like moleculfsWe further use

Uus= —5559 J/mol andups=—2875 J/mol, and estimate

For a givenAT we then numerically minimize the excess
free energy per unit area as a function of both the concentr
tions x, and the number of layens We obtain profiles that
show clear phase separation qualitatively similar to the den-
sity profiles shown in Fig. 2. The crossover from one of the In Fig. 6 we show the best fit results for the width of the
coexisting concentrations to the other can be fitted well withiquid/vapor interfaceos, from synchrotron data, together
an error function profile for thicker filmgr smallAT). For  with theoretical predictions according to E¢g) and(13), as
a bulk interface (;s=AT=Ah=0,n=30) we find wy a function of total film thicknes$=d;+d,. The solid and
=16.15 A in decent agreement with the value of 18.6 Adashed lines use the bulk surface tensions for pure MC and
derived above from ellipsometry measurements. For the corPF, respectively.
fined interface we estimate its intrinsic width from the maxi-  In contrast to the confined interface we find the roughness
mum slope of the profile. The result is shown as the filledof the free interface close to theoretical predictions. As ex-
squares in Fig. 3. The jaggedness arises from the discrepcted it also increases slowly with increasing film thickness.
number of layers in the lattice model. For a finer mesh offor thinner filmso lies close to the values expected for pure
temperature differentialsAT, the dependence of width on MC. For thicker films it gradually moves closer to values for
d; would exhibit discrete steps. Substrate and liquid/vapopure PF at the free surface.

C. The liquid/vapor interface
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The solid line in Fig. 7 shows the predictions from Eq.
(12). For all but the thickest films one sees that the simple
model outlined above somewhat underestimates the film
. thickness. This is not too surprising, since the model neglects
] both the effects of mixing and the fluctuations at the liquid/
liquid interface. The regular solution model used to estimate
the intrinsic width takes the entropy of mixing into account.
Its results are also shown and give good agreement with the
data in an intermediatA T range; however, there are dis-
crepancies at both small and largd. In view of the fact
that the regular solution model does not take into account the
effects of differing molecular densities, heat of mixing, cap-
illary wave, and substrate roughness, or any other type of
substrate inhomogeneities, the discrepancies are not particu-
" . N M larly surprising.

0.001 0.01 0.1 1 Both the regular solution model and the simpler one based
temperature differentiol AT [K] on only van der Waals potentials predict the observed depen-

FIG. 7. Total film thicknesd versus temperature offseiT. dence of the film th_icknesses on temperature offset_between
Open symbols are from reflectivity data. For clarity only data from substrate and solution. The fact that the opserved thicknesses
one filling (open circlesis shown with error bars. Solid circles are &€ mostly larger than the values predicted by the latter
results from the regular solution model. The solid line is the pre-Model suggests chemical mixing and/or interfacial fluctua-
diction from the simple model of Eq12). tions induce some film thickening. The smaller observed film

thicknesses at the smallesT values could be due to experi-

Ignoring the large uncertainties in the values oy the  mental factors such as small temperature gradients within the
data could therefore be interpreted as follows: the thinnesgell, substrate inhomogeneities, or insufficient sample purity.
films cannot support the formation of two separate MC- andn summary the observed van der Waals effects of wetting by

PF-rich layers and are dominated by the preferred adsorptiod composite film are of the type predicted by Evans and
of MC at the substrate, leading to a smaller CW roughnesgo-workers??

due to the larger surface tension of MC. For thicker films

phase separation becomes possible, resulting in a gradual

reduction in the surface tensi¢and thus an increase in CW E. Results atT=60°C

roughnespdue to the increased PF concentration at the free \jeasurements were taken up To=60°C, i.e., about

surface. The roughness remains slightly below the valuegs >c apove the consolute temperature. At this temperature
predicted for a composite film with pure PF at the free surthe pylk correlation length is expected to be 20 A. Interpre-
face. This interpretation is entirely consistent with the previ-iaiion of the data is more difficult due to reduced electron
ously _dlscus_sed d_en5|ty profiles. Alterngtlvely it will be_ iN- density contrast within the films and apparently rougher or
teresting to investigate the apparent slight decrease in th@ore diffuse interfaces, which leads to less certainty in the
sqrface width fpr thmner. films relative to theoretical curvesmodel parameters. Rotating anode data taken at 40, 45, 50,
with more precise experiments on monocomponent films. 414 60 °C show a gradual reduction in the amplitude of the
interference fringes, indicative of a decreasing density differ-
enced,— ¢4 with increasing temperature. We find no obvi-
As outlined in Sec. Il the dependence of film thicknessous behavior in our data that would point towards a transi-
versusAT is a good probe for testing the interaction betweention from two-phase coexistence to a single-phase wetting
substrate and molecules in the adsorbed #fifth and to  film.
verify complete wetting. At 60 °C the reflectivities generally still show the same
Figure 7 shows the total wetting film thicknebsas a  qualitative behavior as beloW,, in that the first maximum
function of temperature differentiad T for data from four in R/Rg (for q,>q.) exceeds 1. The example in Fig. 4
separate fillings of the sample cell. Experiments usually stashows a maximum close tq,=0.12 A that is barely
with a large temperature offset and films are measured areater than 1. However, without the reduction in reflected
gradually increasing thicknesses util becomes so small intensity due to the finite roughness at the interfa¢¥&:
that temperature fluctuations lead to instabilities in thicknesswould exceed 1 significantly. Fitting this data therefore also
The offsetAT is then increased and thinner films are mea-requires a nonmonotonic density profile. However, we can
sured again. Although there are no systematic differencegot achieve good fits with the present simple two-layer
between the film profiles measured in the cooling and heatmodel over the full range af, accessible at the synchrotron.
ing cycles we do find that for the sam€T films remain  Our data would be consistent with the much smaller density
slightly thicker on cooling (e.g., 94 vs 88 A atAT  difference of¢p,— ¢1~0.1 if it were only fitted to the lower
=32 mK). This might be due to a very large time constantd, region (similar to the range often available for neutron
as part of the wetting/phase separation process or due teflectivity®). Furthermore, if better data could be taken, in-
some very weak thermal links in the wetting cell. terpretation would necessitate more sophisticated approaches

100 |
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total film thickness | [A]

30 1

D. Wetting behavior
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such as density functional theories that explicitly take intomeasured interfacial width, shows a weak dependence on
account critical adsorption. It would be interesting to inves-film thickness. The width is expected to arise from a convo-
tigate the effects of confinement on critical adsorption uporiution between a mean field intrinsic width and thermal CW
approaching the consolute temperature from above. In thickoughening. Although long-range dispersion interactions
enough films interfacial widths between preferentially ad-with the substrate reduce the CW roughness and introduce a
sorbed !ayers and a bulklike phase would be.expected tgistance dependence according to E&s.and (6), they do
scale with the bulk correlation length and to diverge at not reduce it enough to agree with the measured values for
Tc,” but in a thin film geometry critical fluctuations should the |iquid/liquid interface. CW roughness alone already ex-
be suppressed in a way similar to the CW roughness angeeds the observed widths. On the other hand basically the

intrinsic width at 30 °C. same value for the intrinsic width is obtained from both the
measured correlation lengths of the bulk phases and the regu-
V. DISCUSSION lar solution model. The regular solution model also displays

a significant reduction in intrinsic width with decreasing film
Our x-ray reflectivity data clearly show evidence of phasethickness and shows how confinement leads to sharper inter-
separation in thin wetting films from a binary vapor below faces in the absence of capillary waves. Interestingly, the
the upper critical solution temperature of the bulk mixture.values for the intrinsic width are very close to the full mea-
Very good agreement is obtained between the data and trered widths. In view of this it is not likely that possible
simplest conceivable density profile model consisting of onlyerrors in the Hamaker constants could account for the dis-
two layers of constant electron density for the adsorbed fluidtrepancies. For example, since we estimate Hamaker con-
and a Si substrate. Alternative models, such as those thatants from bulk values of the pure phases, the differences
include a native oxide layer on the Si substrate or with dif-between the interactions between the MC- and PF-rich
ferent representations of the profile leave results for total filnphases should actually be smaller than the values used here.
thickness and roughnesses basically unchanged relative @orrection for this effect would lead to a reductionf; in
their error bars, while layer densities differ by no more thanEq. (10) and a CW roughness even greater than shown in
10% from the two-layer model. Fig. 3. Therefore we are forced to conclude that the CW
Regardless of uncertainties at 30°C the density of theontribution is much smaller than predicted. Its weak depen-
liquid in contact with the substrate lies between pure MC andlence onA.4 makes it more plausible that an effective in-
the value for the bulk MC-rich phase, while the differencecrease of the interfacial stiffnesg in the confined system
¢,— ¢4 within the wetting films is slightly smaller than that leads to reduced CW roughness. There still is no quantitative
for the coexisting bulk phases. As seen in Fig. 2 we also fingxplanation for such an increaseqn In contrast we find the
the electron density of the PF-rich layer to be somewhatvidth of the free surface dominated by CW roughness in
(about 13% below the predicted bulk value. Forcing, reasonable agreement with estimates from the simple Ha-
close to its bulk value makes the fits unacceptable. The inmaker approach.
troduction of a monolayer of pure PF at the free surface also The PF/MC system differs in several respects from thin
leads to much poorer fits. This is in contrast to density profilms of binary mixtures of long-chain polymers. The PF/MC
files used to model recent neutron reflectivity data from themolecules can be considered almost spherical and nonpolar
free surface of a bulk mixture of PF/MEHowever, itis not  and are much smaller than the polymers. Their simple inter-
clear whether or not one should necessarily expect that thactions should be much easier to estimate and simulate via
density of the wetting films should be identical to that of theMonte Carlo methods. Our experiment therefore offers a dif-
bulk mixture. For example, the relative excess volume offerent physical system that also displays reduced interfacial
mixing in bulk PF/MC has been found to be on the order ofwidth in a confined geometry. Our results confirm that the
2-3 % just belowT,>" which leads to a corresponding re- suppression of CW roughness and intrinsic width is a general
duction in electron density that has been neglected in oueffect due to geometric factors only and not specific to cer-
analysis. The observed density at the liquid/vapor interfacéain types of molecules or details of intermolecular interac-
could therefore be due to a combination of reduced molecutions. A further difference lies in the fact that the polymer
lar number density and higher MC concentration. Futurefilms typically are spin cast onto their substrates, which pre-
measurements on wetting films from vapors of either PF odetermines the number of molecules of each species in the
MC might be able to illuminate this poirt. films (canonical ensembleln our experiment the wetting
Once the films become thinner th&ws40 A the experi- films are in contact with their relatively high-pressure vapor
ment does not show unambiguous evidence for two regionghase, allowing for very fast exchange of particlgsand
of different uniform density. The competition between op-canonical ensembleand equilibration, and making the wet-
posing preferred adsorption at the confining walls and miniting film thickness a physically meaningful parameter in the
mization of the concentration gradient thus seems to prevertescription of the wetting process.
the formation of separate phases parallel to the walls. Inter- Theoretical models for thin films between competing
estingly, this also is predicted by the regular solution modelwalls usually assume perfectly antisymmetric interactions
The liquid/liquid interface is positioned close to the centerwith the walls. While this condition is approximately real-
of the composite wetting film as would be expected for aized in our system, the relative strengths of interactions with
system with antisymmetric boundary conditions as realizedhe “walls” could in principle be fine-tuned through modi-
through the Hamaker constants of the present system. THeation of the substrate surfage.g. coverage with self-
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assembled monolayer or Langmuir-Blodgett films of specifi-cannot support two separate identifiable phases. This system
cally selected moleculg¢érom the perfectly antisymmetric to can be viewed as a realization of a binary system confined
the symmetric case. However, most theoretical models so fdyetween walls with competing interactions. The width of the
have only treated short-range interactions with the substratéiquid/liquid interface depends weakly on the distance from
For example, it is still questionable whether an interface lothe substrate. It is considerably smaller than capillary wave
calization transitior?"®® exists in real systems that are much theory and mean field estimates of the intrinsic width predict,
better described by long-range van der Waals—type interacimilar to previous observations on spin cast films from bi-
tions. Our experimental geometry and technique could b@ary mixtures of long-chain polymers. Geometric confine-
used to search for such a transition in a suitable mixture. ment therefore reduces thermal capillary waves in a manner
Our results also show that x-ray reflectivity is an excellentcompatible with an effective increase in interfacial stiffness,
tool for the investigation of wetting phenomena in moreand at the same time reduces the intrinsic width of the con-
complex systems such as binary mixtures. The very goofined interface. Measurements abovg still show signs of
electron density contrast between the two components ipreferred adsorption at the confining walls.
mixtures of hydrocarbons and perfluorocarbons combined
with the high photon flux available at synchrotron sources
allows ‘angstrom-type resolution in the derived density pro- ACKNOWLEDGMENTS
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The current experiment can be extended in numerous
ways. More extensive measurements at different tempera- APPENDIX: CAPILLARY WAVE ROUGHNESS OF THE
tures above and belowW, are in order. Assuming that the CONFINED LIQUID /LIQUID INTERFACE

two components do not freeze first, at least two wetting tran- .
P g The capillary wave roughnesscy=(u?(0)) of the

sitions are expected at temperatures below 36*&t low ) o . / .
temperatures the substrate should be dry, and the substra P'.”Ch/PF'.”Ch |ntgrface discussed |n.Secz. lll B is based on
e interfacial tensiony and the leadingu term of the

vapor interface should be wetted by the MC-rich phase upo pwer series expansion for the van der Waals potential
increasing the temperature above some value. At somewh ) L
! ng peratu v val WNSG (u) = G(u) — G(0) [see Eqs(5)—(10)]. For thin films the

higher temperaturefT=6-8 °C (Ref. 58] the MC-rich/ h btained in thi b bl
vapor interface will then be wetted by a PF-rich layer, lead-r0UghNessrc,y obtained in this way becomes comparable to

ing to the composite film structure observed at 30 °C. Everfgr?_ film grckness, W;'Ch IS C'l_eafi_y n(::] physically p_Iau5|bIe.
more complicated scenarios have been discusse IS problem anses because limiting th€ power-series expan-

2
previously?? Different concentrations in the liquid reservoir sion only to theu® term does not account for the fact that the

and therefore in the vapor phase would allow us to contro]cu_II potential 5G(u) d|\(erges a$1—>d1.or do. In this appen-
the composition and thereby the position of the liquid/liquid 9% We attempt to estimate the confinement effectsoeqy
interface within a wetting film of a given thickness. In this @rsing from reduced film thicknesses by taking into account
way the middle interface could be moved farther away fromtn€ higher-order terms iaG(u). o

the substrate. A different geometry that would enable us to N What follows, we assume tha) the equilibrium film
follow the development of density profiles and interfacial thicknesses of the MC-rich and PF-rich layers are equal
fluctuations to thick films, and thus to bulk behavior, would (d1=02); (i) the total film thickness =d, +d,=2d, is

be to lower a horizontal substrate below the surface of thd*€d, which is equivalent to neglecting the effect of the free
bulk mixture. Measurements performed in this way could bd!duid/vapor interfacial roughnesss; and(iii) the Hamaker
compared with previous ellipsometh;2%4° evanescent- constants satisfy the relation

wave-generated fluorescence spectroséBppeutron>>°®

ar}dt x-ray scattering experimeft§® on PF/MC and related Asy—Aum~Asp— App. (A1)
mixtures.

As discussed already, assumptionis supported by both the
theoretical expectations and the experimental results pre-
sented in Secs. Il and IV. Assumpti@in) is consistent with

We have investigated wetting of a Si substrate by thehe fact that for the present system fluctuations of the buried
vapor of a binary mixture of methylcyclohexane and perfluo-interface are essentially decoupled from those of the free
romethylcyclohexane with x-ray reflectivity. 16 °C below the surface. Assumptiortiii) implies that for each of the two
consolute temperature we find composite wetting films madenolecular components, the difference between van der
up of an MC-rich phase at the substrate and a PF-rich phad&/aals interactions with the substrate and with itself is
at the liquid/vapor interface. The interface between the twaoughly the same. Based on the estimated valués;ajiven
phases stays close to the middle of the composite film foin Table I, the two sides in E4A1) agree within 15% for the
total thicknesses between 40 and 135 A, while thinner filmsSi/MC/PF system.

VI. SUMMARY
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The application of these assumptions to E).results in 1 1™
a symmetric form of the van der Waals potential per unit f 2qy- - - d?qa,
area for the height fluctuations of the liquid/liquid inter- (277

face:

1 ~ 2 ~, 2 -> N
1 Ac X2 {U(01) - U(d20)) 8(Gat - +Gzn). (A9)

2127

1 1

6(W= (dptw? " (dy-u)?

2

di} (A2) Equations(A7) and (A9) are based on the fact that the ex-
pectation values should be independent of the position
r[(u?(r))=(u?(0)), etc] and thatu(r) is real [U*(q)
Actt - ul? =u(—q)].
oG(u)= 1omd2 > (2n+1) d_} (A3) Note that forn=2 each expressio(u"(r)) in Eq. (A9)
L=t consists of a multiple sum over the surface capillary modes
and is more difficult to evaluate than the terms in E&7).
In order to simplify the computation, we make the assump-
tion that the average in EA8) can be approximated as the
product of two separate averages, as follows:

or by expanding as a power series,

The effective Hamaker constant is given by

Actr=2[Asm— Aspt Aup—Aum]=2[Avp— App].
(A4)

The leading term in Eq(A3) is identical to Eq.(9). In the
case of a free or internal interface of a bulk liguice., d;
—), the term in the Hamiltonian that is most responsible
for limiting the CW roughness is usually that of the interfa-
cial tension. However, the divergence &&(u) at the con-
fining walls that is explicit in Eq(A2) implies that the cor-
rection to ocy due to the nonharmonic terms of the long-
range van der Waals potential should become increasingly

2n2n 2n

EEUdzﬁi

i=1 j>i

(un(r))~

(2m)?

xf dzdjtx(ai)a(aj)exq—i<6|i+&,~>-F]>

important asd; decreases towards the bulk value a .
Retaining the higher-order terms #G(u), the thermal av-
erage of total energy per ar@aof the liquid/liquid interface
is given by

() _1 :
S 2y<|Vu(r|>+<ae<u>>

<u2“<F)>
2 (2n+1) =,

1

=—3'<|VU(r 2>+

(A5)

wherer =r,,. Expanding the height fluctuations=u(r) as
the sum of allowed CW modes, i.e.,

.,) 1
u(r)=
( (2m)?

f dqu(q)exp(—iq-r),  (A6)
9<Omax

whereﬁzﬁxy, the various expectation values that appear in

Eqg. (A5) can be expressed as

(FuDI) = [ i (i@ e
(ux(r )= )J quA<Iu<q>|2> (A7)
2n
(u2(r))= <fd2a1-~-d2ﬁ2 U(dy)- - -U(dzn)
(2 )2 n n
xexr{—i(dl+---+dzn>ﬂ> (A8)

2n
><< Il fdzakﬁ<ak>exrx—icik-F>>. (A10)
k#1,j

By applying Eqg.(A9) to each average in E§A10) and not-
ing that each term in the double sum contributes equally, the
above can be reexpressed as

- .1 1o
2n ~ _ 2(n—1) 257 2
(u=(r))~n(2n—=1)(u (r)>(277)2fd G4 ([u(@]%).

(A11)

This is exactly the recursion relation betweén’) and

(u?(=1) that is obtained whefi(q)} obeys Gaussian sta-
tistics. Note that Eq(A1l) gives the correct expression for
the leading termrf=1) shown in Eq.(A7).

By substituting Eq.(A7) and (A11) into (A5) and inte-
grating over total ared, the average total energyJ) can be
expressed as a single sum of square amplitudes of allowed
CW modes:

1 - =z
(U (Zw)zfq<qmadeQE[beﬁ+ ya?K|u(a)l?)

1 - .
=2 3bert ya’ I ([U@)), (A12)
q

where the “effective” prefactor for the harmonic teroy is
given by
< 2(n 1)>
o dﬁg (2n+1)(2n)(2n— 1)—7(—)—
(A13)

and (u2~ Dy =(u2=D(r))=(u2"~1(0)). Finally, an ex-
pression for the CW roughness.y,= v(u?(0)) in terms of
bes can be obtained by the application of the equipartition

beff
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theorem to Eq.(A12) and the summing of the resulting ' ' ' ' ' ' ' '

mean-square amplitudes of allowed moflese Eq.(5)]: 25 |
) 20

k T 'yq =

2 _ /2y _B max ~

oow=(u®) 47Wln 1+ ber } (A14) 151 -

| o/ -

Note that the long-wavelength cutoff is equal ) _

= y/bes, Which reduces to Eq6) if by is replaced by its 5t =

leading term in Eq.(A13). We have assumed th@[l is
much greater tham,,, but could be comparable tq.x =T,

~2m/B,. The latter takes into account the possibiliy 3 o5t
NBo.

It is clear from Eqs(A13) and (A14) that the estimates 20 L
for the confinement effect on CW roughness depend on how
the terms(u?~Y) in the sum forbgy are evaluated. The 151
following presents two out of many possible approximation
methods for evaluation gfu®"~ 1) and therefore the calcu- 10k

lation of (u?).

1. Self-consistengu?) via Gaussian approximation o L . . . . . . .

for (u?"~1) 10 20 30 40 5 60 70 80
It can be shown that if a fluctuating variable obeys distance from substrate d, [A]
Gaussian statistics, the higher-order moments are related to
the mean-square average throu@[‘?n>= (2n— 1)||<X2>n FIG. 8. Calculated CW roughnesgy= v{u®) of the MC-rich/

Therefore, if the height fluctuationsof the confined liquid/ ~ PF-rich interface, as a function of the distarte from the sub-
liquid interface were to follow a Gaussian distribution, the Strate.(a ocy based on self-consistent solutions far?) using
substitution Of<u2(n—1)>%(2n_3)!!<u2>n—1 in Eq. (A13) qus(,r.](iAl)M_) and(A19) with the approxmaﬂon(;Al?) and(AlE_;) for
could be approximated by (u " ) in the factorbe;. The curves i@ have l?een obta_uned by
retaining all the terms up to a highest term given i in the
power-series expansion &G(u) [Eq. (A3)], where the value of
A N <u2> n-1 2N for each curve is indicated. The values of physical parameters
Bet g(N) = _eﬁ4 2 n(2n+1)! {_2_} . (A15) used in the calculations of all the curves (& are given byT
‘ 6md;] n=1 dj =30°C, y=0.58 mN/m, Ag=3.3x10"2 J, and g.=27/By,
whereBy=6.0 A. (b) curve 1:y=0.58 mN/m, 56G(u)=u?, same

. . . . . . as the A =2 curve in(a) (dashed ling curve 2:y=0, full §G(u),
If this Gaussian approximation were valid, both sides of Eqqicyjated using Eq(A16) (thin solid line; Curve 3: convergent

(A14) would depend on the mean-square roughn@s$  sojution from self-consister{ti2) in (a) (thick solid fing.
and, for a giverN in Eq. (A15), one would be able to solve

Eq. (A14) for (u?) self-consistently. A final solution would 2. Self-consistent(u2) via approximation (u2M=D)
result if the self-consistent solution fgu?) were to con- ~[(uZ= DYy (U2 _(u?)n
verge aiN—oo. Similar procedures are often invoked to jus-

tify the random phase approximation in statistical mechanics, The evaluatio_n of expectat_ion values would be simple if
Unfortunately, the power series fbg; o(N) in Eq. (A15) the energy density (per area in the present caskepended

only on the fluctuating fieldi(r) and not on its derivatives.
does got converge abl—o for any nonzero vr_;llue of Talzling ~0. the mo%ents(sz)m for the CW fluctua.
(u?)/d%. As a result, the only self-consistent solution fér Y=, y=0

—o0 is (u?)=0. If this divergence obg; ¢ were a physical tions can be expressed as

consequence of the confining potent#s(u) given in Eqs. dy 4w 5G(u)

(A2) and (A3), it would imply that the CW roughnesscy J duvMexpg — —— W)

= J(u?) of the confined liquid/liquid interface would have to (W™= 0 Amax "8 (A16)
be completely suppressed, i.eigyw=0. In fact the effect =0 dy 47 6G(u)|

arises because the Gaussian approximation implicitly re- fo duex _Q%ax KgT

quires a parabolic potential that places no restrictions on the

magnitude of possible fluctuations of It is clear that the where the van der Waals potentiédG(u) is given by Eq.
divergence in the full van der Waals potenti#t(u) asu (A2). The factor 4T/q2max in the above equation defines the
—d, confines(u?"~ 1)) in a way that the parabolic potential area in phase space for one surface mode. This factor can be
does not. As a result the Gaussian approximation overestebtained by considering the case of a simple harmonic po-
matesbgs, which, in turn, underestimates the valueogd,, . tential  V(u)=(1/2)bu?>, which leads to (u?)
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=kgTclo/ (47b) [take the limity—0 in Eq. (A14)], and  curves converge with increasimy Figure 8b) compares the
using the fact that the Gaussian statistics implied by thigonvergent result foscy, of confined films(curve 3 against

potential require that each exponent in E416) be equal to  the case 0BG (u)u? (i.e., 2N=2; curve 3, which can be
u?/(2(u?)). considered as the extrapolation of the bulk behavior expected

Recall that the divergence df,; s encountered in the for thicker films with the same interfacial tension. Also
e ) . . .
Gaussian approximation results from the fact that the apShoWn in Fig. 8b) is the roughness/(u®),_o (curve 2,
proximation (U2~ D)y~(2n—3)11(u?)""1 overestimates calculated directly from Eq(A16), that would be obtained if
(u2"-Dy due to the implicit us'e' of the weaker parabolic the interfacial tension were absent and the fluctuations in

potential that allows unbounded variationsuofOn the other ggtt)an\{[\ilz{ ZGg(%\;erned completely by the full van der Waals
hand, the full potentiabG(u) in Eq. (A16) limits large fluc- |

. i Theref bl - Both the full potential6G(u) and interfacial tensiony
t“at'o';‘(snl’l‘,“-. erelore, a moré reasonab’e _appzrg)f'?;at'oncontribute to the reduction of the CW roughness. Therefore,
for (u ) in beg is (i) to preserve the relatiofu )

o n—1 - : - e ., Itis not surprising that curve 3, which takes into account
(u9)™, but ('2'()n§15)t'magenfhle proportionality constant” hoth of these effects, lies below the other two curves in Fig.
(i.e., the ratio(u ){u5)""7) using the expectation val- g(h). A more important observation is that curve 3 displays

ues for they=0 case: the expected crossover betweenyalominated regime at
2(1-1) — larged; and asG-dominated regime at small. Figure &b)
(u )~0n-2(U)" (A17)  shows that as the film thickness df increases, the CW

roughnessgcurve 3 approaches the values expected from the

where the factog,, is defined as unconfined, bulk behaviofcurve 1. On the other hand, as

(U201 d, decreases and becomes comparable to the bulk value for
gnflszo (A18) ocw, hon-negligible reduction inrc,, expected from con-
(u >'y:O finement becomes evident. Fy<20 A, the CW roughness

estimated here for the confined interface is smaller than the
bulk value by a factor of 2 or more. The comparison between
curves 2 and 3 shows that this reductiorig, indeed origi-
Tne1 nates from the dominance of the confining van der Waals
@ potential at smaltl; .
di Despite the physical plausibility of these results, it is also
(A19) important to note that the self-consistent CW roughness
) ) ocw=V(u?) estimated above is still too large to explain the
For any givenN in (A19), Eq. (A14) can be solved self- small width experimentally observed for the MC-rich/PF-
consistently for(u®) to obtainocw(N). Figure &) shows  rich interface. Curve 3 in Fig.(8), which only takes into
the results of self-consistent solutions at differdhfor the  account the CW roughness of the interface, still lies above
CW roughnesscy= \/(u2> of the confined MC-rich/PF-rich  the data points for the measured total width, to which
interface as a function ad;. It is clear that the calculated both oy and the intrinsic widthw, contribute(see Fig. 3.

and calculated numerically using E@\16). By substituting
Eq. (A17) into (A13), bk can be approximated by

Agi o
ber(N)~ 51 2, <2n+1><2n>(2n—1>gn_1[
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