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Casimir force in a critical film formed from an electrolytic solution

A. Mukhopadhyay and B. M. Law
Condensed Matter Laboratory, Department of Physics, Kansas State University, Manhattan, Kansas 66506-2601

~Received 13 September 2000; published 29 March 2001!

We have studied the thickness of vapor adsorbed films of the critical binary liquid mixture acetic acid plus
nonane adsorbed onto a silicon wafer substrate as a function of temperature near the critical temperature. This
critical film possesses opposite boundary conditions (12) at its two surfaces and, due to the dissociation of
acetic acid, both the electrostatic force and the dispersion force affect the adsorbed film thickness. On ap-
proaching the critical temperatureTc , an increase in the film thicknessL is observed, implying that the sign of
the universal Casimir amplitudeD12 is positive, consistent with theoretical predictions. However, we find
quantitative discrepancies in the value ofD12 and the form of the critical Casimir pressure scaling function
q12 compared with previous experimental results. We attribute these discrepancies to the complex nature of
the critical system studied in this experiment.
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I. INTRODUCTION

Finite-size scaling within thincritical films has been used
for many years to extrapolate the results of finite-size sim
lations to larger systems@1#, however, it has only been in th
last couple of years that experimentalists have directly ex
ined the consequences of critical fluctuations within fini
sized films@2,3#. Within critical films of anAB binary liquid
mixture, preferential adsorption of one of the compone
occurs at each surface thus giving rise to a variation in
composition as a function of depth into the film@4,5#. The
composition profile, on each surface, has a width descri
by the bulk correlation lengthj5j0t2n wherej0 is the cor-
relation length amplitude,n (50.634) is a bulk critical ex-
ponent, andt5uT2Tcu/Tc is the reduced temperature. Ne
a continuous or second-order phase transitionj diverges.
When j becomes of the order of the film thicknessL the
adsorption profile at one surface is distorted by the prese
of the other surface; this generates a force between
boundaries@6#, called the critical Casimir force, which exis
over and above any noncritical dispersion and/or electros
forces that may be present. Theoretical results predict
the Casimir force in a critical film is governed by a univers
Casimir pressure scaling functionq(y) which depends only
upon the ratioy5L/j @7#. At the critical point, the correla-
tion length j→`, thereforey50 and the scaling function
q(0)/2 defines a universal amplitudeD known as the Ca-
simir amplitude. The form of the scaling functionq(y) and
the value of the Casimir amplitudeD depend upon the sys
tem universality class~i.e., Ising,XY, etc.! and the boundary
conditions at the two surfaces of the film. Experimental e
dence for the existence of a critical Casimir force in th
adsorbed films has been reported for binary liquid mixtu
near their demixing transition@2# and for 4He near the su-
perfluid transition@3#. In this paper we use the experiment
technique of ellipsometry to study finite-size effects in t
system acetic acid plus nonane~AN! adsorbed onto a silicon
wafer substrate. In previous systems, studied by our gro
both the dispersion force and the critical Casimir force w
present. For the mixture AN, acetic acid dissociates in so
tion, which gives rise to an additional electrostatic forc
1063-651X/2001/63~4!/041605~7!/$20.00 63 0416
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Hence this paper compares finite-size effects within a t
adsorbedionic film ~specifically AN! to previous results
@2,8# within nonionicfilms.

The plan of this paper is as follows. In Sec. II we discu
factors that determine the equilibrium thickness of the
sorbed film. The experimental configuration and the exp
mental technique of ellipsometry are described in Sec. III
Sec. IV we report on and discuss the experimental resul

II. FREE-ENERGY CONSIDERATIONS

If a molecularly smooth and homogeneous surface is s
pended above a critical binary liquid mixture as depicted
Fig. 1, a thin adsorbed film of the liquid mixture will form o
this solid surface. At a heightH above the liquid mixture
many factors determine the thickness of this adsorbed fi

FIG. 1. Schematic diagram showing the vertical Si wafer s
strate geometry. The inset depicts the dielectric model used to
tain the adsorption film thicknessL for films on an oxide coated S
wafer.
©2001 The American Physical Society05-1
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A. MUKHOPADHYAY AND B. M. LAW PHYSICAL REVIEW E 63 041605
For nonionic fluidsfar from the critical temperature (Tc) the
equilibrium film thickness is determined by a competiti
between gravity~which thins the layer! and the dispersion
force ~which thickens the layer! @9#. Assuming that both sur
faces of the film are sharp and that the capillary-wave fl
tuations at the film’s liquid-vapor surface are small, the eq
librium film thicknessL(H) is given by

F~L !1rgH50, ~1!

wherer is the density of the liquid andg is the acceleration
due to gravity.F(L) is the dispersion force per unit area o
each of the two semi-infinite phases, the solid substrate
the vapor, when they are separated by a gap of widtL
occupied by the liquid film.

For sufficiently thin films (L<10220 nm), in the nonre-
tarded regime,F(L) can be written in the form@10#

F~L !522W~T!/L3, ~2!

whereW(T) is the system dependent Hamaker constant.
Dzyaloshinskii, Lifshitz, and Pitaevskii~DLP! theory @11#
for dispersion forces provides a more general expression
F(L), valid at all thicknessesL. It includes both the nonad
ditivity of the intermolecular forces and retardation effec
and can be used to provide an expression forW in terms of
the absorption spectra of the bulk phases. Equations~1! and
~ 2! together imply that at a particular heightH, the equilib-
rium thickness of the adsorbed film can be written as

L5S 2W

rgHD 1/3

. ~3!

A film only forms provided that the Hamaker constant po
sesses the correct sign, namely,W.0 in Eq. ~3!. This con-
dition is satisfied automatically for most organic liquids on
Si wafer due to the large optical dielectric constant for s
con (eSi;15).

On solid substrates the prediction thatL;H21/3 found
confirmation in low-temperature experiments@12# where for
thicker films the more general DLP theory forF(L) had to
be used. For film thicknesses, which are of the order of a
times the molecular diameter, the continuum theory for
dispersion interaction breaks down and the oscillatory so
tion force within the adsorbed film becomes important@13#.
To account for a solvation force, a monotonic repuls
structural interaction term must be included in Eq.~1!. The
equilibrium thickness of the adsorbed film at a heightH is
then determined by

2W

L3
2

Aexp~2L/d!

d
5rgH, ~4!

where d is of order a molecular diameter. Far above t
critical temperature, adsorbed films formed from the bin
liquid mixtures methanol plus hexane~MH! and
2-methoxyethanol plus methylcyclohexane~MM ! against a
Si wafer are well described by Eq.~4!, although the experi-
mentally determined values for the Hamaker constant do
agree with the calculated value using the DLP theory@2#.
04160
-
i-

nd

e

or

-

-

w
e
-

y

ot

This discrepancy for the Hamaker constant was attribute
the fact that the adsorbed films, in these experiments, form
in the partial wetting regime of the substrate as indicated
contact angle measurements. Equations~3! and ~4! assume
complete wetting of the substrate by the adsorbed film@8#.

The dispersion force and the structural force determ
the substrate-film interaction strictly for systems involvin
nonionic wetting films on uncharged surfaces. More comp
effects can occur within these thin adsorbed films if, for e
ample, either the substrate is ionizable or the film posse
ions in solution. For surfaces that undergo surface disso
tion when in contact with a liquid or a thin film, the surfac
becomes charged and the counterions in solution form a
fuse double layer in the vicinity of the interface which
described by the Poisson-Boltzmann equation@10#. If, in ad-
dition, a dissolved salt or ions are present within the thin fi
then this may regulate the surface charge and the distribu
of counterions. Kayser has considered these question
depth for a binary liquid film in contact with an ionizabl
surface with@14# and without@15# a salt present. It is as
sumed in@14,15# that adsorption is absent, namely, theA and
B molecules are randomly distributed throughout the t
film, and that the charged surface only influences the dis
bution of counterions and dissolved salt ions. Kayser’s m
general expressions are very complicated with many par
eters that are difficult to measure or estimate, however,
thick films or high surface charge densities his expressi
reduce to a simple Langmuir model@16# which accounts for
electrical double layer effects

L5~kBT/ze!~p2ee0/2rgH!1/2, ~5!

wherez is the ionic valence,e is the static dielectric constan
of the liquid, and all other symbols have their usual meani
The electrostatic force due to the electrical double layer p
sesses a much longer range@as indicated byL;H21/2 in Eq.
~ 5!# compared with the nonretarded dispersion force@where
L;H21/3, Eq. ~3!#.

For the mixture of interest, AN, acetic acid (CH3COOH)
dissociates in the solvent to form CH3COO2 and H1 ions,
where the relative concentration of neutral molecules to
ions is determined by the dissociation constant for the re
tion

CH3COOH↔CH3COO21H1 ~6!

in the solvent nonane. Ions are certainly present in the b
mixture where the pH;2; they are expected to be prese
also in the thin adsorbed film. However, the precise con
tions within the thin adsorbed film are not known, therefo
rather than using Kayser’s more general expressions we
represent the presence of an electrical double layer by a
similar to Langmuir’s result@Eq. ~5!# for simplicity. For tem-
peratures far from the critical temperature we assume tha
equilibrium condition that includes the effects of dispersio
ionic and structural forces can be written as

C~T!

L2
1

2W~T!

L3
2

Aexp~2L/d!

d
5rgH, ~7!
5-2
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CASIMIR FORCE IN A CRITICAL FILM FORMED . . . PHYSICAL REVIEW E63 041605
whereC(T) is a constant that depends upon the ionic pr
erties of the substrate and the solvent@14#. Since bothC and
W depend only weakly on the absolute temperatureT, over
the small temperature range that we consider here, their
perature dependence can be neglected.

Close to the critical temperatureTc , concentration fluc-
tuations within the film give rise to an additional critic
Casimir pressure between the film boundaries. This crit
Casimir pressurepc is given by@7#

pc5
kBTc

L3
qabS L

j D , ~8!

where the universal surface scaling functionqab(y) is re-
lated to the universal Casimir amplitudeDab by the relation
qab(0)52Dab. The superscriptab specifies the surface un
versality classes on the two confining boundaries of the fi
In the limit of a strong surface field, which is expected und
normal conditions sufficiently close toTc , one of the com-
ponents exhibits complete saturation against each bound
For this situation there are only two different combinatio
of boundary conditionsab that need to be considered for
film of a binary liquid mixture; similar boundary condition
(11), where the same component preferentially adsorb
both surfaces, and opposite boundary conditions (12),
where different components adsorb at the two surfaces.
Casimir force in a critical film is predicted to depend cr
cially upon the boundary conditions at the surfaces of t
film.

For a critical film on a Si wafer substrate one boundary
the film is the Si wafer, while the other boundary is the fr
liquid-vapor surface. For AN, nonane adsorbs at the liqu
vapor surface~as it possesses the lower surface tensi!
while acetic acid adsorbs at the liquid-substrate surface~as
was verified by noting that the liquid-liquid meniscus agai
the Si wafer bends away from the acetic acid rich phase
the two-phase region of the liquid mixture!. This mixture
therefore constitutes an experimental realization of the12
boundary condition. For more details about the effect of
critical Casimir force on a binary liquid film, and releva
theoretical considerations, see Ref.@8#.

Finally, combining Eqs.~7! and ~8! we obtain the princi-
pal equation, which controls the thickness of the adsor
film nearTc ,

C

L2
1

2W

L3
2

Aexp~2L/d!

d
1

kBTc

L3
qabS L

j D5rgH. ~9!

One can extract the functional form of the surface scal
function qab from this equation by experimentally measu
ing the adsorbed film thickness as a function of tempera
near the bulk critical temperature@17#. Ellipsometry can
measure the average film thickness very accurately wit
resolution of ;0.001 nm on a Si wafer substrate. In th
paper we use this technique to deduce the functionq12 for
the critical ionic mixture AN in order to compare it with ou
previous determination from critical nonionic systems@2#.
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III. EXPERIMENTAL TECHNIQUE

A phase modulated ellipsometer was used to measure
thickness of the vapor-adsorbed film on the substrate@18#.
The Si wafer was suspended vertically above the liquid m
ture inside a cylindrical glass cell where a metal clip m
chanically held the wafer against a chemically resist
stainless-steel plate. The temperature of the sample ce
controlled by a two stage thermostat constructed from c
centric metallic shells which are thermally isolated from ea
other. These two stages possess a combined thermal sta
of ;0.1 mK over 2 h and;1 mK over a day, as measure
by two matched precision thermistors~Yellow Spring Instru-
ments, Catalog No. 44034! placed at either end of the samp
cell. A He-Ne laser beam from the ellipsometer, which
focused to a small spot (;0.25 mm), is reflected off the S
wafer at a heightH above the liquid-vapor surface at a
angle of incidence equal to the Brewster angle,uB
(;75.530), for the bare Si wafer. The signal measured
the ellipsometerr̄, is very sensitive to the surface structure
this angle of incidence and can be readily interpreted
terms of the film thickness@19#. The extreme sensitivity of
ellipsometry and its application in measurements of both
optical constants and the thickness of thin liquid films a
well documented in the literature@20#.

The ellipticity, r̄5Im(r p /r s)uB
, measured by the ellip-

someter is the imaginary component of the ratio of comp
reflection amplitudes in thep ands-polarization directions at
the Brewster angle. At this angle the Fresnel term vanish
consequently, Re(r p /r s)uB

50 and this condition is used a
an operational definition in determining the angle of in
denceuB @18#. In the absence of any capillary wave fluctu
tions, r̄ is related to the optical dielectric profilee(z) at
depthz within the interface according to the Drude equati
@21#

r̄5
p

l

Ae11e3

e12e3
E @e~z!2e1#@e~z!2e3#

e~z!
dz. ~10!

Here e1 and e3 represent the optical dielectric constants
the incident (z→2`) and the substrate media (z→`), re-
spectively. This formula assumes thate(z) is locally isotro-
pic and that the thickness of the film is small compared w
the wavelength of the incident light for whichl
5632.8 nm.

A model for e(z) is required in order to determine th
adsorbed film thicknessL from the ellipsometric data. We
assume thate(z)5ec(51.942); the dielectric constant of th
liquid film AN at the critical composition. Silicon wafers
normally possess an oxide layer of thicknessd(;nm) and
optical dielectric constanteSiO2

(52.123). Therefore a rea
sonable model for the adsorbed film on the Si wafer is
two layer model exhibited in the inset to Fig. 1. With th
model ford,L!l, Eq. ~10! implies thatr̄ is proportional to
the film thicknessL,
5-3
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TABLE I. Critical liquid mixture properties.
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A11eSi

12eSi
F ~ec21!~ec2eSi!

ec
L

1
~eSiO2

21!~eSiO2
2eSi!

eSiO2

dG . ~11!

Our bare Si wafer surfaces typically gaver̄50.02060.001,
which from Eq.~11!, corresponds to an oxide film thicknes
of d;2.0 nm. The large real component for the Si optic
dielectric constant (eSi;15.07) provides a strong depen
dence for the ellipticityr̄ upon the film thicknessL. We
measurer̄ with a sensitivity of;1025 corresponding to a
thickness sensitivity of;0.001 nm averaged over the size
the incident beam spot for organic liquids on silicon.

In a typical ellipsometric measurement the temperatur
set and approximately 8 h isallowed for the system to attai
thermal and diffusive equilibrium. Twentyr̄ andT measure-
ments are then collected over the next 2 h. From these
measurements the mean and standard deviation forr̄ are
determined. The typical standard deviation ofr̄ for each data
point was;331024, however, different temperature sca
on the same liquid exhibited a reproducibility forr̄ of 63
31023. We therefore took this later value~corresponding to
an error inL of ;60.3 nm) as a conservative estimate f
the error inr̄.

The ~100! Si wafers used in this experiment were pu
chased from Semiconductor Processing Company. They
sessed a radius of 3.8cm, thickness of 0.2 cm, and had
diced into quarters for ease of handling. They were polis
on one side and possessed ann-type phosphorous dopin
with a resistivity of 1 –10V 2cm. The polished surface o
these wafers was carefully protected before diamond saw
to a Si substrate size of 3 cm31.5 cm. The Si substrate wa
carefully cleaned using the standard RCA Si wafer clean
procedure@22# before mounting inside the cylindrical glas
sample cell.

The organic liquids, acetic acid and nonane, used in
experiment had a quoted purity of 99% and 99.9%, resp
tively, and were purchased from Aldrich Chemical Com
pany. The critical mass fractionmc for this mixture~Table I!
was determined using the standard procedure of obser
the position of the liquid-liquid meniscus a few mK into th
two-phase regime. At the critical composition the upper a
04160
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lower phases possess equal volume fractions and the m
cus is situated at the midpoint of the sample volume.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In Fig. 2 ~and Table II! we show the adsorption thicknes
L as a function ofDT5T2Tc collected from a vertically
oriented Si wafer at two different heights in theone-phase
region for the critical mixture AN. The data are complete
reproducible for both increasing and decreasing temp
tures. As the temperature is reduced towardsTc the film
thickness increases as a result of the critical Casimir fo
which immediately indicates that bothD12 and q12 are
positive, in agreement with theory. Before the surface sc
ing function q12(L/j) can be extracted all of the syste
dependent parametersW,C,A,d, andj, which appear in Eq.
~ 9! must be determined. The correlation length amplitudej0
has been determined using critical adsorption ellipsome
measurements following the procedure in Ref.@23# ~Table I!.
The parametersW,A,d, andC occur in the noncritical con-
tributions to the force balance equation for the film; the
terms, which are relatively temperature independent for
range of temperatures that we consider, are present a
temperatures both near to and far fromTc . W,A,d, and C
can be determined by examining the variation of the adso
tion thicknessL with height H for fixed T@Tc . In Fig. 3
~and Table III! we showL versusH for the system AN at a

FIG. 2. Variation in the adsorption film thicknessL as a function
of DT5T2Tc for the mixture AN at fixed heightH51.5 mm
~solid circles! andH52.8 mm~open circles!.
5-4
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CASIMIR FORCE IN A CRITICAL FILM FORMED . . . PHYSICAL REVIEW E63 041605
temperatureT5346 K, which is>300C aboveTc , where
the critical Casimir effect is expected to be small andq12

can be neglected. The data exhibited in Fig. 3 can there
be analyzed using Eq.~7!. There are rather a large numb
~4! of adjustable parameters in Eq.~7!. A reasonable ap-
proximation, which reduces the number of adjustable par

TABLE II. One-phase data forAN.

DT(K) L~nm! DT(K) L~nm!

H51.5 mm
36.69 7.65 3.99 14.13
30.76 8.41 3.00 14.54
26.77 9.57 1.94 15.28
22.81 10.02 1.40 15.79
18.89 10.66 0.94 16.20
14.96 11.36 0.56 16.69
14.00 11.58 0.29 17.29
11.97 11.94 0.15 17.41
9.95 12.35 0.14 17.28
7.98 12.77 0.06 17.73
5.98 13.45

H52.8 mm
36.61 6.17 2.98 12.17
31.62 6.61 1.94 12.65
25.69 7.60 1.44 13.04
20.85 8.24 0.97 13.38
15.99 9.11 0.72 13.69
10.96 9.92 0.45 14.00
7.94 10.48 0.20 14.45
5.96 11.03 0.06 14.81
4.00 11.59

FIG. 3. Film thicknessL as a function of heightH for AN at a
temperature ofT5346 K. The solid line is a fit to Eq.~12! ~which
assumes thatW50) used in determiningA and d as described in
the text. The inset illustrates theL;H21/2 dependence for smallH
~or largeL) from which the constantC is determined~where the
solid line has a slope of 1!. The dotted line, in the main figure, is
fit to Eq. ~4! ~which assumes thatC50) used in determining the
effective Hamaker constantW as described in the text.
04160
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eters, is to ignore the dispersion term, which is usually do
nated by the ionic contribution@15#, hence

C

L2
2

Aexp~2L/d!

d
5rgH. ~12!

For sufficiently large film thicknessesL, such thatL/d@1,
the structural contribution is negligible andL;H21/2 ~Fig. 3
inset! from which the constantC can be estimated~Table I!.
At small L or largeH the data in the Fig. 3 inset no longe
follows aL;H21/2 dependence; this indicates that the stru
tural contribution in Eq.~12! is important in this regime.
From Fig. 3, at sufficiently largeH(;12 mm), the adsorp-
tion thicknessL losses its dependence uponH and L ap-
proaches a constant valueL!('5.3 nm); this implies that the
gravitational termrgH in Eq. ~12! does not play a major role
in determiningL!. InsteadL! is determined by a competition
between the electrostatic term and the structural term. Th
fore, from Eq.~12!, L! is approximately related toC, A, and
d by the equation

C

L* 2
5

Aexp~2L* /d!

d
. ~13!

Equation~13! can be used to eliminate the parameterA from
Eq. ~12!,

C

L2
2

C

L* 2
exp@~L* 2L !/d#5rgH, ~14!

where only the parameterd is undetermined.d is adjusted to
provide the best description of the crossover fromL
;H21/2 to L5L! behavior in Fig. 3~solid line!. The param-
etersC, A, andd are listed in Table I for the system AN.

For comparison with the above analysis, where we
sume that the ionic contribution dominates the dispers
contribution, we can consider the opposite extreme, nam

TABLE III. L vs H data for the system AN atT5346 K.

H~mm! L~nm! H~mm! L~nm!

1.28 8.75 2.58 6.27
1.33 8.16 2.68 6.28
1.38 7.85 2.78 6.24
1.43 7.71 2.88 6.16
1.48 7.59 3.28 6.02
1.53 7.55 3.78 5.85
1.58 7.42 4.28 5.74
1.63 7.38 6.2 5.61
1.68 7.22 8.28 5.48
1.73 7.16 9.2 5.37
1.78 7.16 10.2 5.30
1.88 6.98 12.2 5.26
1.98 6.86 14.2 5.17
2.08 6.84 16.2 5.32
2.28 6.60
5-5
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A. MUKHOPADHYAY AND B. M. LAW PHYSICAL REVIEW E 63 041605
we neglect the ionic term (C50) and analyze theL versusH
data far fromTc using Eq.~4!. Such an analysis is strictly
valid only for nonionic films. The authors used this meth
to determineW,A, andd for the nonionic binary liquid ad-
sorbed films of MH and MM@8#. For the critical mixture
AN, the dotted line in Fig. 3 is the best fit to the data usi
Eq. ~4! with W,A, andd as adjustable parameters~Table I!
@24#. As expected the previous analysis@which assumes the
presence of an electrical double layer withCÞ0 andW50
~Fig. 3, solid line!# provides a~marginally! better description
of the experimental data than the current method@which as-
sumes a nonionic film withC50 andWÞ0 ~Fig. 3, dotted
line!#.

With the system dependent parameters determined,
universal surface scaling functionq12 can be obtained us
ing Eq.~9! by studying the adsorption thicknessL as a func-
tion of T at fixed H ~Fig. 2!. Once again to simplify the
complications, instead of using the full version of Eq.~9!, we
will consider the special cases when the dispersion term
neglected (W50) or when the electrostatic term is neglect
(C50). In Fig. 4~open and solid circles! we show the scal-
ing functionq12 plotted againsty5L/j for W50, while in
the inset, we show the same function forC50. The system
dependent parameters listed in Table I have been use
both cases. In contrast to the two critical systems MH a
MM studied previously@2# the data does not collapse as w
onto a single universal curve for AN, especially at small a
large y. At y50, q12(0)52D12 and thereforeD12

;0.0062, which is;17% larger than our previous determ
nation of D12 @2#; however this value is still significantly
smaller than theoretical expectations whereD12;0.279 to
3.1 @25# . On the same figure we also show the surface s
ing function for the critical nonionic system MH~triangles!

FIG. 4. The Casimir pressure scaling functionq12(y) versus
y5L/j for the mixture AN in the one-phase region whereL is the
film thickness andj is the correlation length. This graph was d
termined by substituting the data in Fig. 2 and the parameters f
Table I ~for W50) into Eq.~9!. The symbols have the same mea
ing as in Fig. 2. In the inset we show the same function using
~9! but for the parameters from Table I forC50. For comparison
we also show the surface scaling function for the nonionic criti
mixture MH ~triangles! from Ref. @2#.
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where for clarity only a single height is plotted. For bo
models (W50 andC50) and for all values ofy5L/j, the
scaling functionq12 for AN lies above that of MH and
possesses quite a different shape. This discrepancy cann
due to the structural term in Eq.~9!, which is only important
for L<d. For the film thicknesses that are considered he
the contribution from the structural term to the surface sc
ing function is negligible.

For AN, the data collapse for the functionq12 when
plotted againsty5L/j is not as good as observed before f
the systems MH and MM@2#. This may be due to our im-
perfect understanding of the noncritical part in the force b
ance equation for the film thickness. Obviously the syst
AN is complex in nature due to the dissociation of ace
acid in solution. This contributes an electrostatic term in
film free energy and a quantitative calculation of this te
requires knowledge of the dissociation constant of the re
tion ~6! and the surface charge density of the SiO2 layer,
which are difficult to determine for this system. A stringe
analysis of the data should take into account both the dis
sion term and the electrostatic term in fitting theL versusH
data of Fig. 3 and then use those values ofW andC in Eq. ~9!
to obtain the scaling functionq12. Using this procedure for
AN requires the determination of four adjustable parame
which considerably complicates the analysis. From Fig.
we note that the film thicknessL for both heights still has
quite a large temperature dependence even far away f
Tc . This indicates that the critical Casimir force is still larg
at this temperature and the use of Eq.~7! to analyze theL
versusH data may not be completely justified. Howeve
various experimental constraints prevented us from acqui
measurements of the film thicknesses at any higher temp
tures than given in this paper. Despite our reservations st
above concerning our analysis of the noncritical backgrou
contributions, the surface scaling functionq12 for the ionic
mixture AN is considerably larger and possesses quite a
ferent shape compared with the corresponding surface s
ing function fornonionicmixtures as represented by MH i
Fig. 4. This might be caused by our incomplete knowled
of the background contribution or it could be caused by
presence of a large electric field within the absorbed fi
associated with the electric double layer. It is well know
that electric fields suppress critical fluctuations within critic
mixtures and alter the position of the coexistence curve@26#.
For the benefit of the reader, in case the noncritical fr
energy contributions and/or the electric-field effects are b
ter understood at some future date, we provide our fi
thickness dataL as a function ofDT5T2Tc ~at fixed H)
and ofH ~at fixedT) in, respectively, Tables II and III.

In conclusion, in this paper we have studied the effect
the critical Casimir force on vapor-adsorbed films on m
lecularly smooth Si wafers suspended above a critical bin
liquid mixture of AN. This system exhibits opposite (12)
boundary conditions within the adsorbed film and, far fro
the critical temperature, both the van der Waals and the e
trostatic force play roles in determining the adsorbed fi
thickness@Eq. ~7!#. On approaching the critical temperatu
an increase in the adsorbed film thickness is observed~Fig.
2!, implying that the sign of the critical Casimir pressu

m
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scaling functionq12 and the universal Casimir amplitud
D12 are positive. Both of these observations are in agr
ment with theoretical expectations and previous experim
tal observations. The value ofD12 found in this experiment
is ;17% larger than an earlier determination for two~non-
ionic! critical mixtures@2#. The functionq12 for AN does
not scale as well when plotted againsty5L/j; it possesses
quite a different shape and lies above theq12 function de-
termined for the nonionic mixture MH~Fig. 4!. These dis-
ca
,

Sc

.

ci.

ll

04160
e-
n-

crepancies may be due to our inadequate knowledge of
noncritical part of the film free energy for this system and
they may be caused by the presence of a large electric
within the adsorbed film associated with the electric dou
layer.
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