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Casimir effect in critical films of binary liquid mixtures
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We present experimental evidence for the Casimir effect within critical films of binary liquid mixtures
possessing opposite boundary conditioris<) by studying the thickness of these vapor-adsorbed films on a
silicon wafer as a function of temperature near the critical temperature. Our results for two different critical
mixtures demonstrate that the critical Casimir pressure scaling fungtion(y) scales withy=L/¢, whereL
is the equilibrium film thickness anglis the bulk correlation length. Additionally, on approaching the critical
temperaturdl . an increase in the film thicknessis observed, implying that the sign of the universal Casimir
amplitudeA™ ~=9"7(0)/2 atT, is positive, consistent with theoretical predictions. However, the magnitude
of the Casimir amplitude that we measure is approximately two orders of magnitude smaller than that given by
prevailing theories. In the two-phase region of the liquid mixture, preliminary evidence suggests that the
adsorbed film undergoes a surface phase transition from a film near the critical compositieii ato a film
near one of the bulk phases®&T.. This low temperature film composition most likely corresponds to the
bulk phase rich in the component that preferentially adsorbs at the silicon surface.

PACS numbe(s): 05.70.Jk, 68.35.Rh, 64.60.Fr, 68.3%&

I. INTRODUCTION (FdG) [5] using scaling theory. For a critical system of infi-
nite size, the correlation length(T) is the only relevant
The interaction between macroscopic bodies, even if thelength scale near the bulk critical temperatiligg hence the
are uncharged, is primarily electromagnetic in nature. Thideading order singular part of the critical free energy per unit
interaction in general depends upon the dielectric propertiegrea @) is governed by the power law
of the bodies and the intervening medium and also on the
geometric size and shape of the bodies and the separation We ~g(d-1) 1)
distance between them. Casinjit] first showed that two kg T,
uncharged perfectly conducting plates placed parallel to each
other in vacuum experience an attractive force proportionain d dimensions. Neaf ., the correlation length diverges as
to the inverse fourth power of their separatidr) (The force  §=&ot™”, wherev is a bulk critical exponent and the re-
originates because the zero-point fluctuations of the electrgduced temperature=|T—T|/T.. This implies that
magnetic field between the plates have to satisfy appropriate
boundary conditions at the plates; these boundary conditions &Ntﬂd_l)y %)
modify the frequency spectrum in such a way that the energy kgT, '
of the electromagnetic field exhibits dndependence. The
derivative of this energy with respect tocan be interpreted However, all experimental systems are finite in size; hence
as an effective force acting between the plates, which i®ther relevant macroscopic length scales may enter for finite-
known as the Casimir force. Lifshitf2] generalized the Size systems. For example, if the experimental system re-
ideas of Casimir to a vacuum between two dielectric plates a¢embles a uniform film, the film thicknedsis a relevant
finite temperatures by considering the free energy instead déngth scale. According to the finite-size scaling ansatz of
the zero-point energy. Dzyaloshinskii, Lifshitz, and Pitae-FdG, L will enter as the dimensionless combinatibfé in
vskii (DLP) [3] later provided a more comprehensive theorythe singular part of all thermodynamic functions. For such a
for a dielectric fluid confined between dielectric plates. Thesystem the power-law behavior of the singular part of the
DLP theory for dispersion forces includes both the Casimirffree energyEq. (2)] is replaced by the scaling laj@]
and van der Waals forces between layered dielectrics.
Two conditions are required for the occurrence of a Ca- W +(d-1)wyab __| —(d—1)gab
simir force: (i) a fluctuating field andii) a geometric restric- kgTe t g (L/O~L ALIg), ©)
tion where the fluctuating field is required to satisfy certain
conditions on the geometric boundddy. If a critical system  where #2°(y) =y~ (4= Ygab(y) is a universal finite-size scal-
is confined between two fixed boundaries then the longing function; the superscrigtb specifies the surface univer-
range critical fluctuations near a continuous or second-ordesality classes on the two confining boundaries of the film. At
phase transition can generate an additional critical Casimipulk criticality wherey=L/¢=0, 62°(0)=A2" defines a
force between the boundaries which exists over and abowgniversal amplitude known as the Casimir amplit{ide The
the (noncritica) dispersion force. The fluctuating field in this Casimir amplitudeg\2° characterize the contribution of the
case is given by the local order parameter. The existence of @asimir effect to the surface free energy at the bulk critical
Casimir force in a critical system confined between two di-temperatureT,, whereas the universal finite-size scaling
electric plates was first predicted by Fisher and de Gennefsinctions ¢2°(L/¢) determine the temperature and size de-
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pendence of the Casimir effect above and belbw(8,9]. IV. In Sec. V we report the experimental results and analyze
For L> ¢ bulk critical fluctuations will not be affected by the them in the context of finite-size scaling. Our conclusions are
presence of the confining boundaries and any finite-size efrovided in Sec. VI.
fects on the critical behavior will be negligible. However,
whent— 0 the correlation length can grow to infinity only in [l. FINITE-SIZE SCALING FUNCTIONS AND
lateral directions. The system then becomes effectively two AMPLITUDES
dimensional and therefore deviations from the bulk critical
behavior are expected. These deviations are captured by ttﬂ&
unlve_rsal finite-size scaling functions and universal Cas'm'runiversality class(i.e., Ising, XY, etc) and theboundary
amplitudes. _ conditionsat each surfacae andb [13,16,17. These depen-
Two approaches have been suggested for the experimefgncies are expected. The critical finite-size behavior must
tal verification of Casimir effects in critical fluids having film return to bulk critical behavior determined by the system
geometrieg7,10]. If both surfaces of the film are fixed then universality class in the limit as the film thickneks— .
information about the finite-size scaling functions and theadditionally, the boundary conditions perturb the local order
Casimir forces can be obtained by measuring the thickness @farameterthe local volume fraction in the case of a critical
the film and the corresponding force between the surfaceginary liquid mixture within a distanceé of the boundary,
An atomic force microscopfl1] or a surface forces appara- and this surface perturbation plays a significant role in influ-
tus [12] could be used for this purpose; both the separatiorencing the critical finite-size behavior when the film thick-
distance and the force can be accurately and independenthessL ~ ¢ [5]. There are a number of differing boundary
measured using these techniques. The second approach @enditions that impose differesurface universality classes
volves the study of equilibrium wetting films close to the on a systeni18]. The surface may enhance the order in the
critical point. In this case the determination of the Casimirvicinity of an interface so that the system undergoes a
force requires film thicknesses that are of the order of th&econd-order phase transition in the presence ajreered
correlation length. These can be obtained by partially im-Surface. This surface ordering can occur either spontaneously
mersing a molecularly smooth and chemically homogeneoudt & surface critical temperatufes> T, (designated the ex-
substrate, for example, into liquitHe near its\ transition ~ traordinary transitiork) or can be imposed by the presence
or into a critical binary liquid mixture near its demixing tran- Of surface field$1, andh, at the two wallgnormal transition
sition [13]. Above the liquid surface an adsorbed film of the ). Recently it has been demonstrated that the dominant
liquid or liquid mixture forms on the substrate and coexistscr't'cal behavior is identical for the extraordinary and normal

in thermodynamic equilibrium with the bulk liquid at the transitiong 19]. Other types of boundary condition can exist:

bottom of the container. The extent of the adsorption de:[he surface may suppress the order in the vicinity of an in-
ends upon the strength of the intermolecular interactionterfa(.:e. S0 that the system unde_rgoes a second-o_rder phase
b Transition in the presence of a disordered surfaméinary

between the substrate and the vapor molecules. Within th‘L?ansitionO); alternatively, both the surface and the bulk can

adsorbed film the solid substrate forms one of the boundar¥imultaneously order at the same critical temperatspecial
conditions while the free liquid/vapor surface forms the othet.,sition SB.

boundary condition. Far away froff, the thickness of the In this publication we are most concerned with critical
film is primarily governed by the van der Waals force pinary liquid mixtures in a confined film. It is well known
[14,15. NearT, the critical Casimir force between the film that the bulk critical behavior for such systems is described
boundaries forms an additive contribution to the force balby the Ising universality class corresponding to a scalar order
ance equation for the film, which manifests itself in the equi-parameter with two states, up or down for a magnetic sys-
librium film thickness. Hence any experimental techniquesem, orA or B for an AB critical binary liquid mixture[20].

that can accurately measure the adsorbed film thickness adm liquid mixtures the surface fields, and h, are propor-
function of temperature near the bulk critical temperature canional to the more familiar surface tensions or surface free
obtain information about the critical finite-size scaling func- energies between the liquid and the confining boundary; the
tions #2°(L/£) and the universal Casimir amplitudAg®. In ~ component A or B) with the lowest surface free energy will
this paper we use the experimental technique of ellipsometrpreferentially adsorb against the boundary. This preferential
to conduct such a study of critical finite-size effects within aadsorption is called critical adsorption in critical binary lig-
binary liquid film adsorbed onto a molecularly smooth anduid mixtures and occurs at all noncritical surfad&s21],
homogeneous silicon wafer. A general review of fluctuation-Such as the container wall or a coexisting vapor ptiase-
induced forces is provided if4], while for more specific vided a wetting layer does not occur at this interfa2g]).

reviews aimed at Casimir forces induced by critical fluctua-Critical adsorption influences the local volume fractigfz)
tions seq7,10. of componentA within a distanceé of the surface. This is

usually expressed using a local order paramigat

The forms of the scaling function#*"(y) and the values
the Casimir amplituded®” depend upotoththe system

The plan of this paper is as follows. In Sec. Il we review
relevant th(—;-oretical consideratiqns which determine the Ieadwab(z) —0(2)—v =M _tAQ. (Z/£. ’hat—Alyhbt—Al’ngi),
ing order singular part of the film surface free energy near (4)
criticality. In Sec. Il the conditions that determine the equi-
librium film thickness are specified. The experimental con-wherez is a measure of the distance from the wallzat0
figuration, sample and substrate considerations, and the ewhich possesses a surface fiblg. In this equation the sec-
perimental technique of ellipsometry are described in Second wall atz=L possesses a surface fidhg, v is the
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TABLE I. Theoretical results for the critical Casimir pressure.

d ATT AT y;;ak y;e_ak ﬁr;;—x 1(}r-:'—la_x Ref.
2 —0.06545 1.505 2.23 —0.4821 —0.43 1.533 [16,27
3 —0.428-0 0.279-3.1 [16,25,26
4 —-1.79 7.19 3.49 —5.28 —2.50 10.138 [25,26,2§
critical volume fraction of componem, M_t# describes In the next section it will be found that the critical Ca-

the shape of the bulk coexistence curge=¢&,.t " is the  simir pressurdor critical Casimir force per unit argaeter-
correlation lengthB, v, andA; are critical exponentsQ - mines the thickness of an adsorbed film n€ar This critical
is a universal function, and the subscript (—) refers to a  Casimir pressure@, is related tow. [Eq. (3)] by the equation
quantity in the onétwo) -phase region of the liquid mixture. [17]
Sufficiently close toT, the surface field$,t ~21,hyt 41—
+o correspond to complete saturation of componént doc kgTe (L
(+%) or B (—«) and Q. must lose its dependence upon T e A
the specificvalue of h, or h,; hence it is adequate under N
these circumstances to represbptor hy, by a + or — sign  where the universal Casimir pressure scaling functidhin
depending upon whethék or B prefers to adsorb against a Eq. (6) is related to the universal critical Casimir energy
surface. Our experimental technique is not sensitive to thecaling functioné™ ~ in Eq. (3) via the expression
local order parametef®°(z) directly. Instead, our measure-
ments are sensitive to the free energy per unit argdEq. ab ab d60(y)
(3)] associated with the distortion in the composition profile G(y)=26"(y) —y ay @
as the two surfaces are brought within a distance of ordér
of each other. According to mean-field theory the distortionAt criticality 92°(0)=2A2®. The universal scaling functions
in the order parametap®®(z) is related tow, via the equa- 923P(y) with ab=+ + andab=+ — have been calculated in
tion [24] dimensions 223,29 and 4[25]; they possess similar fea-
tures. For the purposes of later comparison with experiment
dy™o(2)) 2 the mean-field expressiond€4) for 9+ *(y) andd" ~(y)
wc”j ( ) dz (5) obtained from[25] are plotted in Fig. 1; these mean-field
dz results have been rescaled to provide agreemeft atith
the estimates ch * © andA ™~ (Table | that were calculated
For mean-field theory, Eq$4) and (5) reproduce the result from renormalization group theof25,26. A number of ge-
in Eq. (3) where the surface fields, andh, in Eq. (4) are  Neric features can be deduced from Fig. 1, WhICh are also
represented by the signi( or —) assigned to each of the applicable ford=2, and are expected to be validdr3. (i)
superscripta andb in the function62®(y) in Eq. (3). There  The functionsd™ " (y) and 9"~ (y) are, respectively, nega-
are only two different boundary conditions fab that need
to be considered: similar boundary conditions+), where 12— ' ' '
the same component preferentially adsorbs at both surfaces, 9. ul ﬁ;;x i
and opposite boundary conditions- ), where different .-
components adsorb at the two surfaces. 6 +A
The functional forms of#?®(y) and the values for2® ab
have been determined theoretically for only a limited number ‘6- 3 L
of system universality classes possessing differing boundary
conditions[13,16,17,25,2F Thin film critical binary liquid 0
mixtures are modeled using an Ising system possessing sur- R
face fieldsh, andh, at z=0 andL, respectively. For this -3 Tot+
case the universal scaling functiai(y) has not been de- max
termined theoretically in the experimentally relevant dimen- _1'50 100 -50 O 50
sion of d=3. However, the composition profilg"(z) has 2
recently been determined using a local functional théa6y y
at cr'ltlcallty (y.: L/¢=0); these resu!ts can proba:)bly be FIG. 1. Mean-field §=4) Casimir pressure scaling function
re_adlly generallzgd ty+0 and hence it seems th@f (¥) 9235(y) as a function of the scaling variabyg= (L/£)? for similar
will be available in the near future. At present, estimates for(++) and opposite € —) boundary conditions within a critical
the universal amplituded ™" and A™" are available from  thin film of thicknessL. Here ¢ is the correlation length and by
renormalization group theoj16], Monte Carlo calculations  conventiony?>0 represents the one-phase region wifle 0 rep-
[25], and local functional theor)26]. There is a considerable resents the two-phase region. These curves were obtained2fim
variation in the values for these amplitudes; this variation isyhere the value at criticalityy(=0) has been rescaled by the uni-
listed in Table | along with the exact values for these ampli-versal Casimir amplituda 2° obtained from renormalization group
tudes in dimensiond=2 [16,27 andd=4 [25,26,2§. theory[25,26.

©6)
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tive and positive for all; we will later see(Sec. Il)) that the
sign of 92°(y) determines whether critical fluctuations thin
[ 92°(y) negativé or thicken[ 92°(y) positive] an adsorbed
film. (ii) The functionsd™ *(y) and9* ~(y) exhibit a peak -
in, respectively, the one- and two-phase regions. This peal G S0, £g0,=2.123
position occurs ay3e with a valueda?, . We listy3g, and — YW <., -=15.07-0.15
ﬁﬁf’ax for d=2[23,29 and 4[25] in Table I.(iii) The abso-

lute magnitude ofd* ~(y) is expected to be substantially
larger thand™ * (y) in all dimensions; hence, critical finite-

A - ) I Si substrate
size effects should be easier to observe for asymmetric 0 : ¥ adsorbed film
boundary conditions € —) than for symmetric boundary i . adsorbed film

conditions ¢+ +). In this publication we have therefore cho- |LT
sen to study films possessing asymmetric boundary condi: f
tions where critical finite-size effects are expected to be larg-
est.

Evidence for critical finite-size effects in thin adsorbed
films of a Lennard-Jones binary fluid mixture have recently
been obtained in a Monte Carlo simulatik80]; however, in
this study it was difficult to definitively understand the Ca-
simir forces because of long computational equilibration (@) (b)
times and limitations on the system size that could be stud-
ied. Critical finite-size effects have also recently been ob-
served in thin films of*He near the superfluid transitiof,
[31]. This system is believed to belong to tK& universal- FIG. 2. Schematic diagram showing tf® horizontal and(b)
ity class withOO boundary condition§13,16,17. The uni-  vertical substrate geometry. The inset depicts the dielectric model
versal scaling functio®®©(y) and universal amplituda©© used to obtain the adsorption film thicknés$or films on an oxide
for this system are expected to be rather different from thoseoated Si wafer.
studied here. In this cas®®®(~—0.022) is much smaller
and of opposite sign td "~ (~0.29 to 3.1). Consequently, whereo; represents the surface energy between phizaes
critical finite-size effects will thin an adsorbétHe film; the j with s=substrate,|=liquid, andv=vapor, w, [Eq. (3)]
magnitude of this thinning is predicted to be considerablyis the contribution from critical fluctuations, while, is a
smaller than the thickening expected in critical liquid mix- noncritical contribution that is present at all temperatures and
ture films becausgA®?|<A* ~. Garcia and ChafB1] find  will be described in more detail below. Each of the contri-
reasonable agreement with theoretical expectations that affitionso, oy,, andw,. depends only weakly on the ab-

available forT=T, [13,17]. solute temperatur® in an analytic and nonsingular way and
therefore over the small temperature range that we consider
ll. SURFACE FREE ENERGY CONSIDERATIONS their temperature dependence can be neglected; in contrast,

. . . S w,. depends strongly ot especially in the vicinity ofT,.
In Fig. 2 we depict schematically the generic situation tha&ufﬁciently far fromT,, howeverw,~exp(—L/&) and this

is of most mtere;t to us, namely, an adsorbed fllm on a soll erm will be negligible compared with the other terms in Eq.
substrate which is suspended horizontally or vertically above(\s) providedL/&> 1

the liquid/vapor surface of a critical binary liquid mixture.
The adsorbed film for- — boundary conditions is expected

to possess a composition near the bulk critical composition?ace the vapor pressupsis a function ofH and molecules at

?cfrrt'rg cl;r?L:Ihde r:cl))l(itcLijr:db?trlgtaesf/i]:irhzTrﬁtg?géﬁgﬁgglest\;\;gn ththis height possess an additional gravitational potential en-
Srgy per unit areavy, relative to molecules immediate above

substrate and the vapor molecules. We study the adsorb S

film thicknessL as a function of height above the liquid/ ‘\?ﬁﬁe:gwd/vapor surface at saturated vapor pressug,
vapor surface and as a function of reduced temperdture

from the bulk critical temperaturd,. Various elements

come into play in determining the thickness of this adsorbed kgTL

film. We will assume that both surfaces of the film are sharp Wo=— —y— IN(P/Psa) =pgHL 9
and that capillary wavelike fluctuations at the film’s liquid-

vapor surface are small. The equilibrium film thicknésis

determined by minimizing the free energy per unit area ofandV is the volume per molecule. At height the vapor is
this liquid layer, which in the limit of large interfacial aréa  also in equilibrium with the adsorbed film on the substrate,

Let us now consider the various contributions to the non-
critical termw,,;. At a heightH above the liquid/vapor sur-

can be written in the forni17] which provides the second equality in E§) [15] wherep
AT.L) =p, —p,~p is the density difference between the liquid
jim 2 =0g(T)+01,(T) + Wpe(T,L) +we(t,L), film (1) and the vapor«) andg is the acceleration due to
A A gravity. For all substrate surfaces there is a long-range van

(8) der Waals interaction per unit area between the substrate and
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the vapor phase, which for sufficiently thin filmsL ( —2W+ pgHL3=~ 9"~ =0, (16
=<10-20 nm), in the nonretarded regime, takes the form
[15] which is valid for thin film thicknessek in the nonretarded
regime. For thicker films the full DLP theory of dispersion
W(T) interactions must be usd8]; the full theory has been veri-
Wydw(T,L) = L2’ (10 fied for adsorbed films under somewhat different circum-

stances from those considered hg36]. Equation(16) indi-
whereW(T) is the well-known Hamaker constant which de- cates another essential requirement for an adsorbed film to
pends upon the polarizabilities of the bulk phagdkte that ~ €Xist far fromT., specifically,W>0 which for our situation
our definition forW= —W,/12z whereW, is the Hamaker (Fig. 2) normally implies that the optical dielectric constant
constant defined by Israelach\fli5].) A more accurate but &(substrate} e(film) [22].
necessarily more complicated description wfy,, is pro- How does the critical contributiord "~ (L/£.) in Eq.
vided by the DLP theory for dispersion interactidi® and  (14) influence the behavior of the film nedg? To answer
includes the nonadditivity of the intermolecular interactionsthis question it is easiest to consider the simplified version
as well as retardation effects. In this theamy, is ex- given in Eq.(16) where the structural forces have been ne-
pressed in terms of the frequency-dependent dielectric progglected. FoiT>T. whered " ~(L/£.)~0 the film thickness
erties of the bulk phasd®3,34. For film thicknesses that is determined by Eq.16); however, ad is slowly decreased
are of the order of a few times the molecular diameter, théoward T, so that9 "~ is no longer zero, it is easy to see
continuum theory for the van der Waals interaction breakgrom Eq. (16) that the film thicknes& increasesdecreases
down and oscillatory solvation interactions within the ad-if 9" is positive (negative. From the theoretical results
sorbed film(determined by packing of the liquid molecules discussed in Sec. " ~(y) is expected to be positive for all
against the hard substrate wallecome important. To ac- Y, hence the adsorbed film should thicken &g is ap-
count for this we must include a monotonic repulsive strucroached within the one-phase region. Additionally, accord-

tural interaction35] ing to Fig. 1 and Table I the thickness is expected to attain a
maximum value in the two-phase region. In Sec. V, once the
Wstrued T,L) = —Aexp(—L/6), (1) system-dependent paramet@#s A, and s have been deter-

mined atT>T. using Eq.(15), scaling can be checked and
the functiond® ~(L/¢..) deduced by studying thie depen-
Yence as a function dfat fixedH using Eq.(14).

whereé is of order a molecular diameter. The total noncriti-
cal contribution to the film surface free energy that appear
in Eq. (8) is therefore

Wi = Wg+ W, g+ Wsgruct- (12 IV. EXPERIMENTAL DESIGN
At a particular heightH and reduced temperatutethe From our earlier discussiofSec. I) we have chosen to
equilibrium thicknes®f the adsorbed film is determined by study critical finite-size Casimir effects in adsorbed critical
that value ofL which minimizes#/A [Eq. (8)], namely, binary liquid mixture films possessing opposite boundary
conditions (+ —), where the effects are expected to be large.
d(F1A)) The substrate on which the film adsorbs should be molecu-
dL =0 13 larly smooth in order to simplify the experimental interpre-

tation of the film thickness and also minimize complications
at equilibrium. This minimization gives from adsorption on rough surfaces. We have therefore cho-
ALS sen to study vapor adsorption on a molecularly smobe)]
3 Si wafer. These wafers were purchased from Semiconductor
( —2WHpgHL + —s-exp— Llé)), Processing Company. They are polished on one side, exhibit
(14)  a surface roughness 6f0.5 nm measured using an atomic
. . o ~ force microscope in contact mode, possestype phos-
wherg ﬁf*(y) is the universal Casimir pressure scaling phorus doping, and have a resistivity of 1—Ibcm. The
function introduced in Eq(6). _ wafers are 3 mm thick, which ensures that they are flat over
Equation(14) is the principal equation that controls the macroscopic distances~(cm). The wafers were diamond
thickness_of the adsorbed film. It exhibit; va_rious Iimit_ing sawed to the required length and width for our sample cell
forms, which have been observed under d'ffe”pg conditionsggter first protecting the polished side using a strong plastic
For example, sufficiently far fromT. when 4" “(L/{-)  adhesive tape. Any residual adhesive or organic or metallic
~exp(-L/&.)~0 (providedL/¢.>1) Eq.(14) reduces to  jmpurities were then removed using the following standard
oW A silicon wafer cleaning procedui@7]. The wafer was first
~ A _ _ immersed in an ultrasonic bath of pure acetone for 10 min to
L3 TrgH+ 5exq L/9)=0. (15 remove gross contaminants. Organic contaminants were then
removed using a solution of 4+ H,0,+NH,OH in the
Later in this paperSec. V) this equation will be used to ratio 6:1.5:1 for 15 min at 75°C. This was followed by a
determine the system-dependent paramétérsA, andé by  solution consisting of KHO+H,O,+HCI in the ratio
studying the film thickness as a function of heighH at  7.5:1.5:1 for 15 min at 75°C to remove metallic contami-
fixed T>T.. For L>§ the structural contribution is negli- nants. The wafer was finally rinsed in distilled deionized
gible and Eq(15) leads to the well known relationshjji4]  water and then vapor degreased in isopropyl alc¢B8l.

L

W‘(z):ﬁ
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Isopropyl alcohol and water are completely miscible so that Top View
any residual water on the wafer surface is removed and the TB1 and T1
substrate can be readily dried in an oven at 110 °C without @

HE

leaving any observable “water stains.” Just prior to use the
wafers were uv ozone clean¢89] for one hour to remove
any trace organic contaminants. This cleaning procedure  Threaded _,
leaves the Si wafer surface hydrophilic with a thin passive ~ 9/@ssneck 3
oxide layer.

Our initial experiments studied adsorption on a horizontal

=— Teflon bushing
*3

Teflon-coated O-ring

| Stainless steel holder

with cli
Si wafer cut to fit inside a clean, glass-etchid@], cylindri- Si waer
cal pyrex sample cell of diameter-2.5 cm and length HeNe laser s

~8 cm. This sample cell was placed inside a two-stage

oven possessing a thermal stability fL mK over 4 h,

where the oven was carefully designed to minimize the pres- }
. .- . . . mixture

ence of any thermal gradients. The critical liquid mixture ‘\

rested at the bottom of the sample cell at a fixed helght ——TB2and T2

below the polished surface of the Si waféig. 2(a)]. The

horizontal geometry for the Si wafer did not prove to be ideal

becausd(i) it was difficult to ensure that the Si wafer was

precisely horizontal(ii) the heightH could only approxi-

— Magnetic stirrer bar
Critical liquid

FIG. 3. lllustration of the construction of the sample cell for the
vertical Si wafer. T1 and T2 are matched precision thermistors to
measure the temperature at either end of the sample cell while TB1

telv b timated i) it difficult to ind and TB2 are matched precision thermistors used in an ac bridge
mately be estimated, andii) it was difficult to indepen- circuit that is used to minimize the presence of any thermal gradi-

dent_ly det?rmine the background tewﬂ? [Eq. ,(12)] for this ents along the length of the sample cell by supplying current to the
configuration(Sec. V). The adsorbed film thickness on the paater HE.

horizontal Si wafer was measured as a function of tempera-
ture using a phase-modulated ellipsomd#t] which pos-
sessed aertical plane of incidence. ~1 mK over a day, as measured by two matched precision
In later experiments, which provided more definitive ex-thermistors(Yellow Springs Instruments, Cat. No. 44034
perimental results, a new phase-modulated ellipsometer wasaced at either end of the sample d@llL and T2, Fig. 3
built. It possesses horizontal plane of incidence. The Si Unfortunately, a temperature gradient 6f5 mK/cm was
wafer is now suspended vertically above a critical binarypresent along the length of the sample cell, which can cause
liguid mixture [Fig. 2(b)] inside a cylindrical glass cell serious problems in the measurement of adsorbed films. We
where a metal clip mechanically holds the wafer against éave used an ac bridge technique to minimize this thermal
chemically resistant stainless-steel pldatgpe 316. The gradient along the sample cell. One-half of the bridge is
glass cell possesses a threaded n@ate Glass, Cat. No. formed by two matched precision thermistors at either end of
7644 so that positive pressure applied to a Teflon bushinghe sample cellTB1 and TB2, Fig. 3while the other half of
(Ace Glass, Cat. No. 7506ompresses a Teflon coated O the bridge is formed by a seven-decade precision ratio trans-
ring between the stainless-steel plate and the glass cell wéthrmer (Electro Scientific Industries, Model Y.3The bridge
(Fig. 3), thus sealing the cell. A Teflon coated magnetic stir-imbalance is amplified by a preamplifier and converted to a
rer bar rests at the bottom of the sample cell in the liquiddc error signal using a lock-in amplifier. The output of the
mixture. The mixture can readily be mixed using a magnetidock-in amplifier is amplified, integrated, differentiated, and
stirrer motor external to the two-stage thermostat in whichthen summed; the resulting signal provides the feedback that
the sample cell is positioned. A He-Ne laser beam from theontrols the current supplied to a heating element situated in
ellipsometer, which is focused to a small spotthe upperend of the stainless-steel holdtE, Fig. 3. Using
(~0.25 mm), is reflected off the Si wafer surface at a heighthis technique, temperature gradients can be reduced to less
H above the liquid/vapor surface at an angle of incidencahan 50 wK/cm along the length of the sample cell. Within
equal to the Brewster anghg; . The signal measured by the each of the metal shells of the thermostat, vertical apertures

ellipsometer p) is very sensitive to surface structure at this@llow the passage of a laser beam for incident angles be-
ang|e of incidencd42] and can be read”y interpreted in tween 65° and 77°, in the vicinity of the Brewster angle for
terms of a film thickness. The thermostat is attached to & bare Siwafer. To minimize heat loss caused by convection,
translation stage which can move up and down in a verticafnnealed glass windows cover these apertures. The glass
p|ane driven by a dc Stepping motor controller with a reso.WindOWS and the Cylindrical Sample cell can shift the angle
lution of 10 wm. Hence measurements of the film thicknessof incidence for the laser beam by a few tenths of a degree
on the Si wafer can be taken at any vertical position along@way from the calculated Brewster angle for the Si wafer;
the wafer. The temperature of the sample cell is controlledowever, minor shifts in the angle of incidence near the
by a two-stage thermostat, constructed from concentric meBrewster angle do not cause serious problems for the ellip-
tallic shells that are thermally isolated from each other. Thesometric technique because the ellipticityis relatively in-
inner shell consists of symmetrically wound heater wiressensitive to the angle of incidence in this regi@3]. Win-
whose temperature is regulated by a commercial temperatudow covered ports within the thermostat also allow passage
controller, while the outer water-cooled shell, at constanf a laser beam through the bulk critical liquid mixture so
temperature, acts as a heat sink. These two stages possedbat the critical temperature of the mixture can be determined
combined thermal stability of0.1 mK over two hours and in situ with an accuracy of~1-2 mK by observing the



PRE 62 CASIMIR EFFECT IN CRITICAL FILMS OF BINARY . .. 5207

TABLE Il. Critical liquid mixture propertiesV(H)=vertical (horizonta) Si wafer geometry.

T, md e &S 10°'W 5 A L*  10°'Wpp @Y
(K) (nm) ) (nm) (In?)  (nm) Q)
MH 306.83 (V) 0.673 1.846 030 1.19) 050 3.3x10° 3.60 0.9 22°
307.10 H) 2.90 H)
MM 298.05 (V) 0.566 1.994 0.37 0.68\W) 0.15 4.X%10° 3.82 38°
299.80 H) 0.45 H)

8Critical mass fraction of hexan@nethylcyclohexanefor MH (MM).

POptical dielectric constant at the critical composition for these two mixtures.

Correlation length amplitude in the one-phase region determined from critical adsorption measurements as
described in50].

dcontact angle at temperatufe=333 K (346 K) for MH (MM).

spinodal ring generated during the process of spinodal desach mixture are provided in Table II.

composition. The film thickness measurements were performed using
The vertical Si wafer configuration is far more versatile phase-modulated ellipsometry, which is a technique that de-

than the horizontal Si wafer configuration because for thdects changes in the state of polarization for light reflected

vertical waferH can be measured accurately and varied confrom a surfacg45]. If rg, denotes the complex reflection

tinuously; from a study of the adsorption thickndssas a  amplitude of the light for polarization () to the plane of

function of height H the system-dependent parametersincidence, then the eIIipticit)o=Im(rp/rS)|08 at the Brew-

W, A, and § can be determined using E(L5) at fixed T | fi R A o
s e . = t
>T,. It is difficult to deduce these parameters experlmen—Ster angled, defined by Re(y /r5)l, =0 is very sensitive to

tally for the horizontal Si wafer. In the vertical geometry it is Surface structure. In the absence of any capillary wave fluc-

important to suspend the Si wafabovethe liquid mixture tuationsp is related to the optical dielectric profilg(z) at

during the measurement of the adsorption film thickness. Iflepthz within the interface by the Drude equatip46]

the Si wafer is dipped into the liquid mixture, very long lived

thick metastable films have been observed on the Si wafer. Vet fsf [€(2) —€1][€(2) — €3] dz
€(2) '

These films are created during changes in temperature; dif-
ferences in the thermal capacities and thermal conductivities

of components within the sample cell create large temperawheree; ande; represent the optical dielectric constants of
ture gradients between the bulk liquid mixture and the top othe incident ¢— —) and the substrate media--=), re-

the Si wafer. These thermal gradients generate thermocapispectively. This formula assumes thgt) is locally isotro-
lary flow and (macroscopik “phase separation” on the Si pic and that the thickness of the film is small compared with
wafer due to the differences in surface tension between thihe wavelength of lighh =632.8 nm.

two liquid components. This “phase separation” is observed A model for €(z) is required in order to determine the
as a very thick film at the base of the Si wafer as deduced bgdsorption film thicknesk from ellipsometric data. This can
the presence of interference fringes which persist for manype obtained using the Clausius-Mossotti relation applicable
days even after thermal equilibrium has been reached and the a mixture[47],

thermal gradients have disappeared. Hence, from an experi-

mental point of view, it is much more efficient to suspend the F(e(2))=v(2)F(ea) +[1-v(2)]F(ep), (18

Si wafer above the liquid mixture so that the films form by ) .

adsorption from the vapor and there is no perturbing influWherev(2) is the volume fraction of compone#tat z, the
ence due to thermocapillary driven flow up the meniscus. function F(x)=(x—1)/(x+2), ande; (i=A,B) is the op-

In this paper we study two critical systems, methatol tical dielectric Constgnt for component In Eq. (_1&_3) it is
hexane(MH) and 2-methoxyethanol methylcyclohexane assumed that there is no vqlume change on mixing th(nT two
(MM) [44], which form adsorbed films belonging to the CoOmponents. For our situation, a good approximation is to
+— surface universality class on the Si wafer. Here oneédSsume that(z)=v. (the critical composition oA) so that
boundary of the film is the silicon wafer while the other €(2) = €. wheree, is the dielectric constant of the bulk criti-
boundary is the free liquid-vapor surface. The componeng@l liquid mixture (Table I). This approximation is valid
with the lower surface tension preferentially adsorbs at thdecause all organic liquids possess similar optical dielectric
liquid-vapor surface while the boundary condition at the Siconstants  éx~eg~2) and additionally ex,ep<es;
wafer surface can be determined by examining whether the 15.0740.15, the optical dielectric constant for Si; hence
liquid-liquid meniscus bends up or down against the wafer ifwithin the adsorbed film there is little optical contrast be-
the two-phase region of the liquid mixture. For MMM) at ~ tween the two organic components and the film dielectric
the liquid-vapor surface hexan@nethylcyclohexane ad- ~ constant can be treated as a constant independentSifi-
sorbs at this surface while methari@methoxyethanglad- ~ €on wafers also normally possess a thin oxide layer of thick-
sorbs at the liquid-substrate surface. These two mixturegess d (~nm) and optical dielectric constantsio,
therefore constitute an experimental realization of the (=2.123); therefore a reasonable model for the adsorbed
boundary condition. Experimental parameters relevant tdilm on a Si wafer is the two-layer model exhibited in Fig. 2

o
N (17)

€17 €3
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gnseb. With this model ford,L<<\ from Eqgs.(17) and(18) 30 L : . : L L
p is proportional to the film thickneds,

\/1+ €g;j

z (60_1)(50_63i)|—
)\ 1_ €gj

€c

+

(€sio,~ 1) (€sio, ~ €si) )
d (19

€sio,

Thicker films L+d=20 nm) exhibit significant deviations
from this linearity inL [45]; Maxwell's equations must then
be solved numerically for the(r,) andswave () complex 0 . . : . . .
reflection amplitudes in order to interpret the ellipsometric 280 290 300 310 320 330 340 350
Our bare Si wafer surfaces typically gaye=0.020 '
+0.001, which from Eq(19) corresponds to an oxide film FIG. 4. Variation in the adsorption film thicknekss a function
thickness of~2.0 nm. The large real component for the Si of temperature near the critical temperatiiggfor the mixtures MH
dielectric constant provides a strong dependence for the efcircles and MM (crossed diamongison a horizontal Si wafer

lipticity p upon the film thicknest. We measure with a ~ Where the heighti~10 mm. For clarity the MM data have been

sensitivity of~ 105 corresponding to a thickness sensitivity S"'fted vertically by 5 nmA andA” label the peak positions in the

of ~0.001 nm averaged over the size of the incident bearrt]wo-phas.e region whil® andB’ label the data at the lowest tem-
L . perature measured.

spot for organic liquids on silicon. All of our measurements

were taken at a fixed angle of incidence close to the Brewster

angle for the bare silicon wafer,dg=tan (ns/n,) (see Fig. 1 and Tablg.IWe note with caution, however, that

=75.53°. In general, rather than using Ef9) to interpret  the interpretation of the two-phase region is rather compli-

the data(which assumes thin adsorbed filnse have used cated; we therefore analyze the single-phase region in detail

a matrix technique to numerically solve Maxwell's equationsfirst. A preliminary account of the behavior 6f" ~(y) in the

[48] for the configuration shown in Fig. Znse), which  one-phase region has been givef4a]. As noted previously

enablesp to be converted directly into film thickness [49], the increase in the adsorption thicknéssearT, (Fig.

In a typical ellipsometric measurement the temperature ig) cannot be explained by any unusual behavior exhibited by
set and approximatglé h isallowed for the system to attain either of the pure components of the binary liquid mixture.
thermal and diffusive equilibrium. Twenty and T measure- For a quantitative analysis of the experimental data the
ments are then collected over the succeeding 2 h. From thesgstem-dependent parametéts A, &, and ;.. must be

20 measurements the mean and standard deviation foe  determined. The correlation length amplituglg. in the one-
determined. For both critical liquid mixtures a typical stan-Phase region has been determined using critical adsorption
dard deviation for each data set of a0measurements was €/liPSometric data following the procedure [i80]. The val-
~3x10"% however, different temperature scans on theU€S for this amplitude for each liquid mixture are listed in
Table Il. It is difficult to determine the parametevd, A,

and 6 from measurements on the horizontal Si wafer. How-
ever, these parameters can be determined by examining the
variation of the adsorption thickne&swith heightH on the
vertical Si wafer for fixedT>T,. In Fig. 5 we showL ver-
susH for both systems at temperatures of 333 K for MH and
346 K for MM. Both temperatures are30°C aboveT,

In Fig. 4 we show the adsorption thickndsas a function  (Table Il) for each system, where critical finite-size effects
of temperatureT collected from a horizontal Si wafer for are expected to be small. In this region the thickries®es
both critical liquid mixtures MH(circles and MM (crossed  not change significantly with temperatufdor fixed H (Fig.
diamonds$, where for clarity the MM data have been shifted 4), as might be expected. Henge™ ~(y) can be neglected
vertically by 5 nm. The behavior is completely reproducibleand the data in Fig. 5 can be analyzed using @&). For
for both increasing and decreasing temperatures. Sufficientlyufficiently largeL the structural contribution is negligible
far from the critical temperatur€, critical finite-size effects (L/6>1) andL~H Y3 [Eq. (16) and Fig. 5(inseb] from
will be negligible; however, on approachifg, the critical  which the Hamaker constax can be determine(Table ).
Casimir pressure scaling functiah™ ~(L/&.) will play an At sufficiently largeH the adsorption thicknesss loses its
increasingly important role in determining the thickness ofdependence upoH, i.e.,L approaches a constant valug,
the adsorbed film. As discussed in Sec. Ill, the increade in which implies that the gravitational termgH in Eq. (15)
in the vicinity of T, and the peak in the two-phase region does not play a major role in determinibhg and this thick-
necessarily indicate that both™ ~ and 9" ~(y) are positive ness is instead determined by a competition between the dis-
and thatd "~ (y) possesses a peak in the two-phase regionpersion interaction and the structural term. The paramf&ter
All of these features are in qualitative agreement with theorycan be expressed in terms\&f, &, andL*,

same liquid mixture exhibited a reproducibility fqr of
+3x 10 3. We therefore took this latter valieorrespond-
ing to an error inL of =0.3 nm) as a conservative estimate

for the error inp.

V. EXPERIMENTAL RESULTS AND DISCUSSION
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L(nm)

H(mm)

FIG. 5. Film thicknessL as a function of heighH for MH
(circles and MM (crossey at temperatures of =333 and 346 K,
respectively. The solid lines are fits to H45) used in determining
A and 6 as described in the text. The inset illustrates the
~H ™3 dependence for smat (or largeL) from which the effec-
tive Hamaker constanv is determined. The solid line in the inset
has a slope of 1.

2Ws6
A=

L+

exp(L*/é); (20

hence, if this expression is substituted into Ekp), only the
parameters is undetermineds is adjusted to provide the
best description of the crossover from-H Y3 to L=L*
behavior in Fig. 5(solid lineg. The parameters, &, and
L* are listed in Table Il for both systems. As expectéds

of order a molecular diamet¢B5]; however, the values de-
termined forA for each system are quite different from each
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FIG. 7. Film thicknesd. as a function oAT=T-T, at fixed
heightsH=1.5 mm (diamond$ and 3.3 mm(squares for MM,
and 3.4 mm(triangles and 6.3 mm(inverted triangles for MH,
adsorbed on a vertical Si wafer.

determined by local interactions, is less well understood
theoretically than any of the other terms that appear in Eq.
(14). Later in this sectioriFig. 8, inset we will observe that
the structural term has very little influence on the form de-
termined for the universal scaling functiah™ ~(L/£.); it
plays an important role only for very thin noncritical films
far from T.. Therefore, for our purposes, the form of the
structural term that we have assumed is adequate.

The values for the Hamaker constaitTable Il) are two
to three orders of magnitude smaller than expe¢fed. In
Fig. 6 we show a theoretical calculation of the dispersion
free energy per unit areap p as a function of the film
thicknessL from the DLP theory[3] for the system MH.
This calculation determines the interaction energy per unit

other and appear to be anomalously large or anomalouslyrea between the bulk Si and air phases assuming a two-layer
small compared with values determined by other methodssystem consisting of a homogeneous film of thickniesst

where A~1 mJ/nf [35]. We attribute these anomalods
values to an imperfect understanding of the structural contri-
butions that occur in our system, so that our representation of
this term in Eq.(15) forms only an approximation for the
correct behavior. The form for the structural term, which is

1000 bl

100 -
10 -
Op p(NI/M?) 11

0.1

0.01

0.001
0

—_3

L(nm)

0.012

0.014

1
0.012

0.008

0.008 ]
O~ 0.0061
0.004

0.002 -

FIG. 8. The Casimir pressure scaling functiff ~(y) obtained
from a vertical Si wafer in the one-phase region for the two mix-
tures MH and MM. This graph was deduced by substituting the data
in Fig. 7 into Eq.(14). The symbols have the same meaning as in
Fig. 7. The functiond™ ~ (y) exhibits excellent scaling as a function

FIG. 6. Plot of the DLP dispersion free energy per unit areaof y=L/¢, whereL is the film thickness and. is the correlation

wp_p [51] for the mixture MH as a function of film thickneds
The dashed line illustrates the dependeagg p~Wp p/L? for

length in the one-phase region. In the inset we demonstrate that the
structural contribution in Eq.14) has a negligible influence on the

nonretarded interactions from which the DLP Hamaker constanshape ofd* ~. For MM at a height ofH=3.3 mm the structural

Wp_p can be obtained.

amplitudeA=0 (crossesor 420 J/M (squares
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TABLE Ill. One-phase data.

T(K) pX10° L(nm) y=L/&, 9t T(K) pX10° L(nm) y=L/&. 9t

(@ MH, H=6.3 nm (¢) MM, H=3.3 mm
332.593 35.0 4.12 2.88 0.0001 345.675 34.3 3.77 3.21 0.0000
329.643 36.0 4.24 2.75 0.0002 340.715 36.3 3.99 3.17 0.0001
326.703 37.4 4.40 2.61 0.0003 335.794 38.3 4.21 3.09 0.0002
323.746 39.1 4.60 2.47 0.0004 330.909 40.6 4.46 3.01 0.0003
320.789 41.8 4.92 2.34 0.0006 325.915 43.2 4.75 2.88 0.0004
317.808 44.9 5.28 2.16 0.0009 320.970 46.8 5.14 2.76 0.0006
315.826 48.3 5.68 2.05 0.0013 316.019 50.7 5.57 2.57 0.0008
313.862 51.4 6.05 1.87 0.0017 311.071 54.5 5.99 2.25 0.0011
311.867 56.1 6.60 1.65 0.0024 306.043 61.7 6.78 1.87 0.0017
310.863 59.1 6.95 1.51 0.0029 304.028 68.6 7.54 1.74 0.0025
309.869 62.4 7.34 1.34 0.0035 302.066 73.1 8.03 1.44 0.0031
308.894 66.7 7.85 1.12 0.0043 301.058 78.1 8.58 1.28 0.0039
308.395 69.9 8.22 0.99 0.0051 300.050 84.1 9.24 1.07 0.0049
307.900 72.6 8.55 0.81 0.0058 299.375 90.0 9.89 0.88 0.0061
307.680 75.8 8.91 0.73 0.0066 299.042 92.8 10.20 0.76 0.0067
307.480 7.7 9.14 0.63 0.0072 298.651 95.0 10.44 0.57 0.0072
307.280 79.9 9.40 0.51 0.0079 298.537 96.9 10.65 0.51 0.0077
307.000 84.0 9.88 0.29 0.0092 298.325 98.2 10.79 0.36 0.0080
306.910 86.1 10.13 0.19 0.0100 298.221 101.3 11.13 0.27 0.0088
(b) MH, H=3.4 mm 298.110 103.8 11.41 0.14 0.0095

332.696 40.5 4.76 3.34 0.0000 (d) MM, H=1.5 mm
329.772 41.1 4.84 3.15 0.0001 345.636 42.5 4.67 3.97 0.0000
326.787 43.4 5.11 3.05 0.0002 337.855 44.0 4.84 3.68 0.0000
323.796 45.8 5.39 2.90 0.0003 329.905 46.7 5.13 3.39 0.0001
320.804 47.0 5.53 2.63 0.0004 322.905 50.8 5.58 3.15 0.0002
318.872 48.8 5.74 2.49 0.0005 318.016 54.2 5.95 2.93 0.0003
316.881 51.9 6.11 2.36 0.0007 313.004 57.9 6.36 2.61 0.0004
314.872 54.6 6.42 2.16 0.0009 311.085 62.9 6.91 2.60 0.0007
312.876 59.0 6.94 1.95 0.0013 309.074 65.3 7.17 2.43 0.0008
311.876 62.0 7.29 1.83 0.0016 307.062 70.2 7.71 2.30 0.0011
310.872 66.9 7.87 1.71 0.0021 305.056 79.2 8.71 2.22 0.0017
309.863 71.1 8.36 1.52 0.0026 303.059 83.7 9.20 1.89 0.0020
309.368 74.1 8.72 1.42 0.0031 302.052 91.3 10.03 1.79 0.0027
308.879 80.1 9.43 1.34 0.0040 301.044 97.1 10.67 1.59 0.0033
308.374 84.0 9.88 1.17 0.0047 300.540 99.8 10.97 1.45 0.0036
307.471 91.8 10.80 0.87 0.0063 300.035 106.3 11.68 1.34 0.0045
307.265 94.4 11.11 0.76 0.0069 299.530 112.0 12.31 1.18 0.0053
306.955 98.4 11.58 0.62 0.0079 299.027 118.5 13.03 0.96 0.0063
306.863 105.3 12.38 0.30 0.0098 298.774 119.5 13.13 0.80 0.0065
298.521 122.7 13.48 0.63 0.0070
298.269 126.7 13.92 0.40 0.0078
298.175 129.1 14.19 0.29 0.0083
298.095 132.4 14.55 0.15 0.0089

the critical composition of the liquid mixture situated on top for the Hamaker constaw that appears in Eq14) if the

of a 2 nmthick SiG, film [51]. This is a rather complex adsorbed filmcompletely wetshe Si substrate. Our actual
calculation which integrates over the dispersion dielectriameasurements foi/ (Table Il) are significantly smaller than
data of the syster{83,47. Figure 6 demonstrates that in the Wy, p. We believe that this is because our adsorbed films
region of interest (~10 nm) wp p=Wp_ p/L? (dashed only partially wet the Si wafer surface, as indicated by the
line) and a nonretarded dispersion interaction is appropriatecontact angle measurement® (in Table Il), which were
Wpp, Which is listed in Table IlI, provides a good estimate obtained photographically after dipping the Si wafer into the
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FIG. 9. Variation of 3" ~(y) for the MH system in the one- o _ o
phase region as a function of composition for the critical mixture ~FIG. 10. The Casimir pressure scaling functior ~(y) ob-

(squarel 5% excess hexanircles, 10% excess hexangiri- tained for a hori;ontal Si wafer in the. one-phase-Q) and two-
angles, and 5% excess methan@hverted trianglesat two heights ~ Phase Y<0) regions where the effective Hamaker constahbas
H~3.5 mm(open symbolsand~6.0 mm(solid symbols. Scal-  been scaled to provide agreement with the universal scaling func-
ing is no longer observed for 10% excess hexane or 5% excedin obtained for a vertical Si waféFig. 8) in the one-phase region.
methanol. The behavior ofd* ~(y) is rather complicated in the two-phase

region. The point#,B andA’,B’ illustrate how the data in Fig. 4
|are transformed into the data in this figure. The behavior of the MM
data betweery=0 andA appears to follow the same trend estab-
Ilghed for 3"~ in the one-phase region; this suggests that the ad-
sorbed film along this line is probably near the critical composition.
Below the peak ah, the data betweeA andB for MM follow quite

h d . hickness f . T fixed H a different trend. The MH data cross over to #h8 curve at the
the adsorption thickness as a function ofT (at fixed H). point A’ so that the data betweéxi andB’ scale in the same way

Figure 7 showd. versusAT=T—T, collected from a Verti- 5 heaB curve. We believe that the scaling behavior exhibited by
cal Si wafer in the one-phase region of each mixi#8].  the curveAB/A’B’ corresponds to an adsorbed film possessing a
These are our best data, which provide the most consistegbmposition, near the bulk phase, that is rich in the component that

determination of9 " ~(y) in the one-phase regiofFig. 8 preferentially adsorbs against the Si wafer.
obtained by substituting the data in Fig. 7 into Et4). We
therefore provide these data in the form of a ta@lable 111) one-phase region as a function of the bulk composition for
for the benefit of the reader. In Fig. 8"~ scales withy  two different heightsH. In the analysis of thg data for each
=L/¢, as predicted theoretically. Aty=09" " (0) composition the parametevg, A, andé were redetermined
=2A"" and thereforeA "~ ~0.0053. This Casimir ampli- (Table IV); however,£,, was assumed to retain the value
tude is approximately two orders of magnitude smaller thangiven in Table II. From Fig. 9 scaling is no longer observed
expected(Table ). In the inset to Fig. 8 we compare the for 10% excess hexane or 5% excess methanol in the bulk
scaling functiond* ~(y) for A=0 (crossesandA given by  mixture; scaling is observed only for compositions near the
Table Il (squares for the MM data at a height oH bulk critical composition as predicted by theory. This figure
=3.3 mm. This inset demonstrates that the structural contrialso indicates that our experimental value fof ~~0.0053
bution does not significantly influence the determination ofcannot vary significantly in magnitude from this value. These
977 (y). Structural contributions are only important f&r  off-critical effects(Fig. 9 can perhaps be taken into account
>T. providedL=56. using a second scaling argumedL??” in the scaling

In Fig. 9 we show the variation i#*~ for MH in the  function '~ where 5u denotes the undersaturatift0].

critical liquid mixture. Perhaps, therefore, it is better to cal
W an effective Hamaker constant.

The system-dependent parameters for both mixtures a
listed in Table Il and therefore the universal scaling function
97 (L/£L) can be determined using E€L4) by studying

TABLE IV. Off-critical liquid mixture properties for MH.

Ts my2 e £os 1074w 5 A

(K) (nm) Q) (nm) (JI/n)
5% excess hexane 306.37 0.706 1.850 0.30 0.8 0.55 X106’
10% excess hexane 306.07 0.740 1.856 0.30 0.7 0.55 X300
5% excess methanol 306.27 0.656 1.844 0.30 0.7 0.55 11067

3Mass fraction of hexane.
POptical dielectric constant of the liquid mixture.
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It is more difficult to quantitatively analyze the adsorption a slightly different path in the two-phase region. Betwagn
film thickness data collected from a horizontal Si wafer be-and the peak a’ the functiond ™ ~ for this mixture crosses
causeW, A, andé cannot be independently measured andover to the lower curve representedAR; below the peak at
the heightH is less well determined. Nevertheless, we at-A’ there is very good agreement betweenAti8’ curve for
tempt an approximate analysis here. The two-phase regioMH and the AB curve for MM for the functiond” ~. As
for the liquid mixtures MH and MM has been studied only mentioned previously, the composition of the adsorbed film
on these horizontal wafers. In Fig. 10 we have taken the dateorresponding to the curv&B/A’'B’ is probably rather dif-
from Fig. 4 (for a horizontal Si waferand rescaled the ef- ferent from the bulk critical composition. There are two
fective Hamaker constah so thatd ™ —, derived from these likely candidates for the composition of this adsorbed film,
data, provides the best agreement with FigoBtained from namely, the compositions of the two bulk liquid phases. It
a vertical Si wafer These values fow are also listed in seems probably that the curveB/A’B’ represents an ad-
Table II; they agree reasonably well with the values obtainegorbed film with a composition near the bulk phase rich in
from a vertical Si wafer. One should not expect exact agreethe component that preferentially adsorbs against the Si wa-
ment because the wettability of the horizontal and vertical Sfer. For MH this is the methanol-rich phase, while for MM it
wafers may differ. In Fig. 11 foy=0 one observes that the is the 2-methoxyethanol-rich phase. For the benefit of the
horizontal and vertical Si wafers exhibit similar shapes forreader we provide)* ~ for the curveAB/A’B’ in Table V.
the scaling functiond™ ~; for clarity we have plotted data Similar behavior to that represented by Fig. 10 has been
from the vertical Si wafer only for the mixture MM at a observed by Parry and Evafis6] in their theoretical studies
height ofH=3.3 mm. We have also plotted for comparison of a critical fluid confined between two walls possessing op-
a rescaled mean-field scaling curve #@f ~(y) (solid line).  posite boundary conditions. They observed an interface
The mean-field scaling functiofFig. 1) was rescaled in the localization-delocalization transition &t , the critical tem-
vertical direction to provide agreement with the experimentaperature for a system of finite sidg where in the region
value forA*~~0.0053 aty=0 and rescaled in the horizon- T¢ . <T<T a fluctuating interface is centered in the middle
tal direction so thay=L/¢., correctly exhibits an Ising criti-  of the film while for T<T (<T,, the bulk wetting transi-
cal exponent ird=3 (i.e., v=0.632). The mean-field result tion for a semi-infinite systejithe interface is bound to ei-
neglects fluctuations; hence we should not expect it to prother one of the two wallgand two states coexistThis be-
vide good agreement with experiments closélto In fact,  havior was later confirmed in an extensive series of Monte
this modified mean-field estimate fdé" ~ provides quite a Carlo simulationd32,57. In Fig. 10 the curve betweey
different dependence oncompared with experiment for all =0 andA would correspond to a fluctuating interface in the
values ofy. middle of the adsorbed film, while the curv&B/A’B’

The scaling function fod* ~ below T, (y<0O) is rather ~would represent the state below the localization-
complicated Fig. 10. We have used the universal amplitude delocalization transition al. . According to this picture,
ratio R,= &q. /£9— =1.95[52] in obtaining these data. There the differing locations of the localization-delocalization tran-
seem to be three possible types of behavior for the adsorbeition for MH and MM would originate from differing values
film in the two-phase regior(i) the film could remain close for the bulk wetting transitiorT,, of the semi-infinite system.
to the bulk critical composition as expected by theory

[25,32 for films possessing asymmetric boundary condi- VI. CONCLUSION
tions, (ii) there could be phase separation and droplet forma- '
tion on the Si wafer, andiii) one of the two bulk phases In this publication we have studied critical finite-size ef-

could preferentially adsorb against the Si wafer. For the MHfects in vapor adsorbed films on molecularly smooth Si wa-
mixture the data is noisier nedr303 K (Fig. 4), as noted fers suspended above a critical binary liquid mixture. We
in [49], where it was suggested that this behavior could corhave chosen to study systems that exhibit opposite boundary
respond to the formation of droplets on the Si wafer. Theseonditions ¢+ —) within the adsorbed film, because for these
“droplets,” for example, could correspond to the coexist- types of films we expect the critical finite-size effects to be
ence of two regions of differing composition and thicknesslarge. We have determined the critical Casimir pressure scal-
on the Si wafer, where one region possesses a compositiong function 3*~ using Eq.(14) for two different liquid
near the bulk critical composition and the other region posmixtures, methanot hexane and 2-methoxyethanél me-
sesses a composition near one of the bulk liquid composithylcyclohexane, and shown that this functi@nis positive,
tions. In order to better understand the two-phase region onehich thickens an adsorbed film in the vicinity @f, and
must compare Fig. 4 with Fig. 10. The points labeled(ii) exhibits universal scaling as a function of the variable
A,B(A’,B’) for MM (MH) are identical in both figures; y=L/£. . Both of these observations are in agreement with
these points assist the reader in understanding how the dataeoretical expectations. The universal scaling behavior is
in Fig. 4 are transformed into the data in Fig. 10. There seenparticularly obvious in the one-phase region of the mixture
to be two rather different trends in the behavior when0 (Figs. 8 and 11 In the two-phase region of the mixtu¢eig.
(Fig. 10. The MM data fromT; (y=0) up to the peak &  10,y<0) there appear to be two solutiori: a solution that
appear to be a continuation of the one-phase data, whictontinues the trend set by the one-phase faten y=0 to
would imply that these data represent an adsorbed film witthe pointA in Fig. 10, which we assume corresponds ap-
a composition near the critical composition. However, belowproximately to an adsorbed film close to the bulk critical
the peak, between the poimsandB, &' follows quite a composition, andii) a solution that the data follow at low
different trend; hence the film in this region is probably notemperatures below the peakandA’ of Fig. 4. Both of the
longer near the critical composition. The MH system followsliquid mixtures exhibit the same scaling behavior in this re-
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0.012+ ! L ! giony<0, from a film close to the critical composition to a
film near one of the bulk phases seems to be in qualitative
0.01 1 agreement with the “interface localization-delocalization
transition” of [32,56,57.
0.008 - Although this study has been reasonably successful in
+ - qualitatively confirming a number of features predicted by
ﬁ 0.006 theory, the experiments also exhibit significant quantitative
discrepancies with predictions. At the critical temperaflye
0.004- we find that the universal Casimir amplituda ™~
0.0024 =9"7(0)/2 (~0.0053) is at least two orders of magnitude
' smaller than theoretical expectations fo¥ ~, which lie in
0- the range 0.29 to 3.[116,25,28. There are a number of de-
ficiencies with both experiment and theory that hopefully in
-0.002 . : . the future will resolve this disagreement. In the experiments
0.01 0.1 1 10 the adsorbed films partially wet the Si wafer so that the con-
tact angled>0° and the effective Hamaker constaftis
y much smaller than the value calculated from the DLP disper-

ion theory,Wp p (Table I). The theoretical calculation of

function 9* ~ obtained from the horizontal Si waféMH (circles in the partial wetting regi.me.appears to be not V\_/e” undefr'
and MM (crossed diamondl and the vertical Si wafefMM stood. It would be more sa_tlsfylng if the adsorbed film was in
(squaresfor H=3.3 mni. This scaling function is also compared the complete wetting regimed(=0°) so thatW=Wpp.
with the mean-field calculation from Fig. (solid ling), where the This would simplify our understanding of the noncritical
vertical scale for the theoretical profile has been adjusted to provid@ackground termw,, [Eq. (12)] and ensure that no peculiar
agreement ay=0 while the horizontal scale has been adjusted toeffects were entering because we are in the partial wetting
provide the appropriate three-dimensional scaling behaiier, v regime. We are pursuing further experiments along these
=0.632). lines by studying critical finite-size effects for completely
wetting films whered =0°. We note that from a theoretical
gion (AB andA’B’ in Fig. 10. We speculate that the uni- point of view the universal amplitud&* ~ is not expected to
versalAB/A’B’ curve corresponds to an adsorbed film pos-be influenced by whether the adsorbed film is in the partial or
sessing a composition near one of the bulk liquid phases; theomplete wetting regimgs8].
most likely candidate is probably the bulk phase that is rich On the theoretical front, there have been numerous at-
in the component that preferentially adsorbs against the Sempts to calculate the free energy contribution frother
wafer. However, additional experimental work will be re- types of fluctuationthat occur in thin films, such as acoustic
quired to confirm this speculation. This crossover, in the refluctuations and constrained capillary wave fluctuations

FIG. 11. Comparison between the Casimir pressure scalin

TABLE V. Two-phase data.

L L L - L - L
=g 9 y=¢ 9 = 9 y= gL, 9
MH (curve AB)

-9.83 0.0488 -9.10 0.0355 —8.49 0.0469 —7.54 0.0105
-9.73 0.0545 -9.01 0.0251 —8.47 0.0191 -7.39 0.0091
-9.64 0.0601 -9.00 0.0335 -8.34 0.0182 —-7.34 0.0089
—9.56 0.0461 -8.81 0.0263 -8.03 0.0137

—9.48 0.0724 —-8.70 0.0279 —-7.91 0.0142

—-9.12 0.0286 —8.52 0.0866 —7.60 0.0116

MH (curveA’B’)

—10.88 0.0520 —7.60 0.0096 —-5.14 0.0018 —4.54 —0.0001
—10.20 0.0370 —7.47 0.0125 —4.98 0.0020 —4.53 0.0010
-9.12 0.0284 —7.45 0.0141 —4.92 0.0020 —-451 0.0004
—9.06 0.0273 -7.29 0.0142 —4.86 0.0012 —4.50 —0.0002
—-8.74 0.0233 —6.96 0.0126 -4.80 0.0016 —4.49 0.0019
—8.62 0.0217 -6.52 0.0076 —4.68 0.0008 —4.38 0.0002
—8.33 0.0206 —5.88 0.0051 —4.68 0.0000 —-4.31 0.0001
—-8.30 0.0187 —5.76 0.0045 —4.64 0.0002 —4.22 —0.0003
—8.13 0.0190 —5.55 0.0038 —4.60 0.0013 —4.07 —0.0003
—-7.87 0.0153 —5.41 0.0025 —4.60 0.0011

—-7.79 0.0171 —5.35 0.0031 —4.60 0.0000
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[59-61], which will be present even for films far frof,. could potentially influence the value of the Casimir ampli-
Although these contributions must be present, a completeude A* . Another alternative possibility that needs to be
theoretical understanding does not yet seem to be availablepnsidered in more detail and that could produce a large
it is not understood when these other types of fluctuatioryifference between the experimental value fF ~ and
play a major role in determining the adsorption film thick- theory is the coupling between the gravitational field and the
ness. Various experiments have found quantitative agregyrger parametefbecause the two phases do not have exactly

ment with the DLP theory for the dispersion interactionthe same densiyf16]; hence, in this case, the ordering field
[36,62,63, while other experiments have found quantitative goes not vanish at the critical point.

disagreement with this theor}63,64. Panella, Chiarello,
and Krim [63] suggest that the discrepancies with DLP
theory can be attributed to properties of the adsorbate rather
than the substrate while Mecke and Kr[®il] provide evi-
dence that the constrained capillary wave contribution is par- This research work has been supported by the National
ticularly important for very thin adsorbed filmss(cG nm).  Science Foundation through Grant No. DMR-9631133. We
Unfortunately, many of the experiments that claim disagreewould like to thank Professor S. Dietrich for both suggesting
ment with the DLP theory have not demonstrated that thehis experiment and providing us with valuable advice. We
adsorbed film, in fact, completely wets the substrate so thawould also like to thank Dr. M. Krech for enlightening com-
we can takeVV=Wp p. If a constrained capillary wave free munications and publications and Professor R. Evans for
energy term does play an important role for thin films, then ituseful discussions.
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