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Nonequilibrium study of the forces responsible for adsorption in a binary liquid mixture
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A new nonequilibrium technique is used to investigate the intermolecular forces that determine the
thickness of wetting layers in the system methylcyclohexane plus perfluoromethylcyclohexane on silicon
near the critical point of the liquids. When the liquids are subjected to a linear temperature ramp, the
resulting deviation from equilibrium controls the thickness of the methylcyclohexane-rich wetting layer.
Ellipsometric measurements of the layer thickness for thermodynamic states corresponding to tempera-
tures 0.5 to 50 mK above the coexistence curve agree quantitatively with theoretical calculations. As the
distance from coexistence decreases, the layer thickness smoothly increases and shows a crossover from
adsorption dominated by the nonzero correlation length to adsorption dominated by dispersion forces.
The measurements also confirm that correlations in the concentration decay exponentially, out to at
least five correlation lengths. Equilibrium measurements on an o6'-critical concentration cell in the
single-phase region agree with theory for temperatures greater than 0.2 K from the coexistence curve,
but show marked irreproducibility within 0.2 K of the transition.

PACS number(s): 68.45.Gd, 68.15.+e, 66.10.Cb

I. INTRODUCTION

When a substrate, which preferentially adsorbs A mol-
ecules over B molecules with sufBcient strength, is im-
mersed in a binary liquid mixture rich in B molecules, the
amount of 2-rich adsorption depends on the detailed na-
ture of the intermolecular forces and on the relative free
energies of the bulk and adsorbed liquid. Dispersion
forces [1,2], electrostatic forces [3,4], capillary waves [5],
and the proximity of the liquid-liquid critical point [6]
may all contribute to the adsorption. Along the coex-
istence curve, bulk A-rich and B-rich phases are both al-
lowed, and the substrate will be wet by a macroscopically
thick layer of 2-rich liquid. Moving away from coex-
istence into the single-phase B-rich region, A-rich liquid
will be thermodynamically metastable, and the adsorp-
tion will drop. The distance in temperature or concentra-
tion from coexistence determines the free-energy
difference between the adsorbed and bulk liquids, so
simultaneous measurement of the adsorption and varia-
tion of the distance from coexistence characterizes the
forces over a tunable range of free energy. In this paper
we describe a nonequilibrium means of controlling the
distance from coexistence, and with the aid of this tech-
nique we determine the intermolecular forces responsible
for adsorption in near-critical mixtures of methylcy-
clohexane (labeled MC, formula C7H, 4) plus
perfluoromethylcyclohexane (labeled PFMC, formula
C7F, 4) on an oxide-coated silicon wafer. Experiments on
the nonequilibrium technique itself clarify how a two-
phase liquid system relaxes to equilibrium, independent
of any surface adsorption.

We control by two separate means the distance from
coexistence. With the liquid in the single-phase region
and at equilibrium, we vary the temperature from slightly
above the bulk transition temperature T* up to several
degrees above T*. With the liquid in the two-phase re-

gion, we drive the liquids out of equilibrium and off coex-
istence by linearly ramping the temperature of the liquid
mixture while continuously stirring. The equilibrium
method has been documented elsewhere [3,7], but the
nonequilibrium method is newly developed and described
fully in this paper. In steady state the rate at which the
temperature ramp pushes the system off coexistence bal-
ances the relaxation of the volume fraction of A, tb, back
to its equilibrium value. Variations in ramp rate or in stir
rate, which determine the relaxation rate, tune the devia-
tion from coexistence. We use null ellipsometry to mea-
sure the optical reAection properties of the
liquid —adsorbed-layer —substrate interface, and by opti-
cally modeling the solid and liquid media we then find the
adsorption at the surface.

Experimental difhculties in locating the bulk transition
temperature to better than a few millikelvin limit the pre-
cision of the equilibrium method. Using gravity to thin
adsorbed layers theoretically probes states much closer to
coexistence [8), but the diff'usion time necessary for equi-
librium over centimeter size cells can easily exceed
several weeks [8,9], and convection caused by very small
horizontal temperature gradients may strongly disturb
the gravitational sedimentation [10,11]. Advantages of
the temperature ramp technique over either of these equi-
librium techniques include approach to within 0.5 mK of
coexistence with complete insensitivity to convection,
equilibration times of a few hours, and a dynamic range
of 2—3 orders of magnitude in deviation from coex-
istence.

We have compared nonequilibrium measurements with
equilibrium measurements from the same sample cell as
well as with theoretical predictions for the adsorption.
We find that the equilibrium data for temperatures more
than 0.2 K above coexistence and all of the nonequilibri-
um data are reproducible and agree with theoretical esti-
mates of the adsorption. Our measurements confirm that
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the dispersion force theory of Dzyaloshinskii, Lifshitz,
and Pitaevskii [1] (DLP for short) works well for binary
liquid mixtures and that the simple, phenomenological
model of Widom [6] correctly describes forces on the wet-
ting layer caused by the proximity of the critical point,
but we see no strong contribution to the adsorption by ei-
ther capillary waves [5] or power-law correlations in the
concentration of the liquids [2,12,13]. As expected for
nonpolar liquids, we detect no contribution of electrostat-
ic forces in this binary liquid system.

As further evidence that we understand the nonequili-
brium processes in the ramp technique, the change in P
following a change in temperature ramp rate obeys the
exponential decay law predicted by the theory for mass
transport between the two coexisting liquid phases and
the wetting layer, and the decay has a time constant con-
sistent with hydrodynamic estimates.

Within 0.2 K of the bulk transition temperature, the
amount of adsorption determined by equilibrium mea-
surements in the single-phase region significantly exceeds
both the theoretical predictions and the ramp-technique
results. This difference may be related to hysteresis and
irreproducibility from cell to cell observed for tempera-
tures within 0.2 K of T* as well as difficulty in locating
T accurately.

A previous investigation [14] studying the effects of
temperature modulations on wetting layers gave results
in qualitative agreement with theoretical predictions, but
a variety of difficulties prevent a quantitative comparison.
The variation of temperature with time may cause both
thermal gradients and convection, resulting in an
unpredictable transport of Auid through the cell. Furth-
ermore, the initial thermodynamic state about which the
temperature varies is subject to the same uncertainties as
experiments on gravity-thinned wetting layers. In the
temperature ramp experiments presented here, forced
convection dominates any thermally induced convection,
the thermal gradients are small, and the thermodynamic
state of the bulk fluid is well known. As a consequence of
these improvements, we can make quantitative compar-
isons between the experimental results and both the
theory of material transport and the theory of equilibri-
um adsorption.

Because interpretation of the data relies on a few
theoretical results of thermodynamics and hydrodynam-
ics that are independent of the theory for the adsorption,
we organize the remainder of the paper into the following
sections: Sec. II describes the equipment and technical
details of the experiment, Sec. III outlines the theory of
the equilibrium and nonequilibrium techniques, Sec. IV
presents the theory of adsorption, Sec. V gives experi-
mental observations, and finally, we present conclusions
in Sec. VI.

II. EXPERIMENTAL DETAILS

The sample cell design [15] consists of a silicon wafer
suspended vertically along the axis of a test-tube-shaped
glass cell and immersed in the binary liquid mixture. A
spring or clamp holds the wafer against a stainless-steel
plate, which in turn seals against the glass cell walls with
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FIG. 1. Sample cell design. To seal the cell, the clamp at the
top of the cell compresses a TeAon gasket between the plate and
the cell wall. The silicon wafer, spring, and spacer fit into a slot
milled in the bottom of the plate. The liquids and stir bar held
by the cell are not shown, and some details of the stainless-steel
plate have been omitted for clarity.

either a TeAon or Viton gasket. A TeAon-coated magnet-
ic stir bar rests at the rounded bottom of the cell and can
be rotated at speeds ranging from 0.6 to 5 Hz by the field
of a large rotating magnet situated outside the thermos-
tat. Figure 1 shows an exploded view of the cell design.

The geometry of the cell allows us to refiect an incident
He-Ne laser beam, lying in a horizontal plane, ofF of the
siLicon surface at any incident angle and at any vertical
position along the wafer. For the experiments done with
two coexisting liquid phases, the laser passes through the
lower liquid phase, rich in PFMC. The cylindrical cell
design acts as a lens on the incident beam, and conse-
quently displacement of the silicon surface from the opti-
cal axis by a few tenths of a millimeter results in a shift of
the incident angle by a few tenths of a degree, a definite
disadvantage of this cell design. To correct for this beam
steering and for uncertainties in the refractive indices of
the silicon and the bulk liquid phase, we reference the el-
lipsometer angle off of the measured Brewster's angle.
That is, we compare the measured angle at which the
reAectivity of P-polarized light drops to a minimum with
the angle predicted by our optical modeling, and we use
the difference as a correction to the ellipsometer angle
scale.
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The cell rests in a four stage thermostat [15], con-
structed of concentric metal shells thermally isolated
from one another. The outer three shells, labeled stages
1, 2, and 3, with stage 1 outermost, are actively tempera-
ture regulated with integrating controllers. To reduce
thermal gradients, the sample cell mounts inside a fourth
passive metal shell, stage 4. All of the metal shells have
apertures allowing passage of the laser beam for incident
angles of 65' to 77, in the vicinity of Brewster's angle.
To minimize heat loss caused by convection, annealed
glass windows cover the stage-3 apertures. Stages 3 and 4
mount to a six degree of freedom tilt and translation
stage inside stage 2, so the inner two thermostat stages
move as a unit when adjusting the optical alignment of
the ellipsometer.

Thermal stability of the thermostat is approximately 50
pK over an hour and 100 pK over a day, as measured by
a bridge circuit and thermistors independent of the tern-
perature controller. Measurements with copper-
constantan thermocouple pairs give an upper limit for
thermal gradients in the sample cell of 60 pK cm '. For
each thermocouple pair we made a measurement, re-
versed the mounting position of the two thermocouple
junctions, and then repeated the measurement in order to
make a difterential measurement of the thermal gradient
independent of any spurious voltage sources in the lead
wires. Measurements with a more sensitive thermistor
pair indicated that stirring at 5 Hz contributes additional
gradients of less than 10 pKcm ' and ramping the tem-
perature at 24 mKh ' contributes a gradient of 0.2
mK cm '. At these low gradients and with an absorbing
substrate such as silicon, the incident laser power must be
reduced to as low as 10 W to avoid laser heating re-
sults.

By connecting a stepping motor to the set point knob
of the stage-3 temperature controller and driving the mo-
tor with pulses from a digital clock, we can impose tem-
perature ramps on the thermostat which are linear and
accurate to 50 pK h

We use null ellipsometry [16,17] to measure the two el-
lipsometric parameters, 5 and P, which characterize the
ratio and phase shift of the reAection coefficients, r& and
Tp for S and P polarized light:

S P (1)

(2)

Note that the standard notation for 5 is 6, but 6 refers to
a free-energy amplitude in Sec. IV. Polaroid sheet and a
prism polarizer serve as the polarizer and analyzer, re-
spectively, although we observe no changes in the data
when we use prism polarizers for both components. The
compensator is a sheet of bare mica, and we fix its fast
axis at 45' from the horizontal, measuring the angle
counterclockwise while facing the light source. Because
the curved cell walls act as a defocusing lens on the in-
cident beam, we insert an aperture behind the analyzer to
select a range of +0.3 in exit angle. Even at the low
light levels needed to avoid heating, a photodiode detec-
tor optimized for minimal noise has sufficient sensitivity,

provided that we chop the incident light at a few hundred
hertz and feed the photodiode signal to a lock-in
amplifier.

We prepared two separate cells, numbers 1 and 2, using
identical liquids and substrates, but with somewhat
difFerent cell sealing methods and filling techniques. Cell
1 had a Viton 0 ring as a seal for the stainless-steel plate,
and a small stainless-steel wedge and screw clamped the
silicon wafer into position. Because of some anomalous
results obtained with cell 1, as described in Sec. V, we
sought to seal cell 2 with a more inert gasket and to avoid
any hard-to-clean screw threads, which could also trap a
dead volume of liquid. Cell 2 consequently relied on a
stainless-steel spring to hold the silicon and a compressed
TeQon gasket to seal the cell.

In both cases, we followed identical cleaning pro-
cedures. Glass was cleaned with warm (=60 C) deter-
gent solution, ethylenediamine tetra-acetic acid (EDTA)
solution, 10% nitric acid, with extensive distilled water
rinses between solutions and as a final rinse. Similarly,
Teflon was cleaned with detergent solution and hydrogen
peroxide, stainless steel with detergent solution and nitric
acid, and Viton with detergent, again all with water
rinses. After a final rinse with distilled water that had
been filtered to remove particles larger than 0.5 pm all of
these parts were vacuum baked at 70 C for 3 h. The sil-
icon wafer was cleaned by organic strippers recommend-
ed for metal-oxide-semiconductor field-eFect transistor
(MOSFET) substrates [18]: soaking in a warm mixture of
97% sulfuric acid and 31% hydrogen peroxide (4:1 by
volume), followed by a water rinse and then soaking in a
warrp 29% ammonium hydroxide, hydrogen peroxide,
and water mixture (1:1:5by volume). Many water rinses
followed, and to avoid contamination from the air, the
wafer was stored in water until just prior to cell assembly.

Assembly of the cell began by blowing the sihcon dry
with filtered argon gas and mounting the silicon onto the
top plate. After transferring the cell parts to a glove bag
and purging with argon, we filled the cells with
Pr =0.338+0.006 total volume fraction of MC.
(Throughout this paper, quoted errors correspond to a 2
a or 90% confidence level uncertainty, unless stated oth-
erwise. ) The MC and PFMC were used without further
purification [19], but for cell 2, we filtered the liquids
with a 0.5-pm filter. Shortly after filling, cell 1 had a
transition temperature T =43.3 'C, and cell 2 had
T*=43.0'C. The data of Heady and Cahn [20], for com-
parison, give

T*=43.4'C .

III. THEORY OF MEASUREMENTS

We take the equilibrium data in the single-phase re-
gion, along a trajectory of constant volume fraction of
MC P =P r and at temperatures above T*. Theoretically,
at temperatures close enough to T* gravitational sedi-
mentation will cause spatial variations in P [9], and the
exact thermodynamic trajectory will depend on possible
convection of the liquid and the vertical height of the
substrate being probed. In practice the experimental un-
certainty in T* limits the experiments to states much far-
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Because the experimental measurements depend most
directly on Sand P —P„, it is convenient to take this fiux
equation, Eq. (3), as a definition of lDBz rather than define

lDBL hydrodynamically, as in Ref. [8]. Integrating the
Aux over the whole meniscus area, and defining an aver-
age diffusion boundary layer thickness as

LDBr
(4)
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FIG. 2. Thermodynamic trajectories. All equilibrium data
lie along a line of fixed total concentration Pr =0.338 and at a
temperature above the bulk transition temperature T*.
Steady-state nonequilibrium data lie along a line of fixed tem-
perature below T*, but the temperature rises continuously be-
fore and during the measurement.

ther from coexistence than the gravity-dominated regime
[7,21]. Gentle stirring, weak enough to not hydrodynam-
ically disturb the adsorbed layer, should have a minimal
effect on the quantity of adsorption, since the tempera-
ture field and not any spatial variation of P determines
the deviation from coexistence. As shown in Fig. 2, we
label the equilibrium, single-phase trajectory "approach
to coexistence. "

The nonequilibrium trajectories, also illustrated in Fig.
2, rely on the finite relaxation time of a binary liquid mix-
ture towards equilibrium when the temperature is dis-
turbed. Imagine that the mixture initially is in full ther-
modynamic equilibrium and in the two-phase region. We
will label the upper liquid phase, rich in MC, by M and
the lower phase, rich in PFMC, by P. If the temperature
increases, diffusive transport will bring the mixture into
equilibrium only within a distance 1=(rD)' from the
liquid-liquid meniscus after time ~ and with diffusion con-
stant D. Without stirring, equilibration of the bulk liquid
phases by diffusion would take weeks for the 1-cm dis-
tances characteristic of the sample cell [8]. With stirring,
convection will transport material through most of the
bulk phase much more efhciently than diffusion, but near
the phase boundaries hydrodynamics limits the mass
transport. Near the liquid-liquid meniscus, when stirring
is gentle, convection can only transport Quid parallel to
the meniscus. Within a diffusion boundary layer, of
characteristic thickness IDBL, diffusion must be the dom-
inant transport process across the meniscus [8]. Because
we study the adsorption of M phase with the heavier P
phase as the bulk liquid, we now focus on the dynamics
of the mixture below the liquid-liquid meniscus. We as-
sume diffusion across the meniscus fixes the volume frac-
tion a microscopic distance below the meniscus to the
equilibrium, coexistence value at the current tempera-
ture, P„. When the volume fraction outside the bound-
ary layer, P, deviates from P„, a gradient
'P=(P —P„)/lDBL is established across the boundary
layer, and the flux through this layer is [22]

we get the total volume fraction current

JA= — (p —p„),
LDBL

where 3 is the cross-sectional area of the meniscus. The
ratio of this current to the volume of the liquid phase, V,
determines the rate at which the bulk value of P relaxes
to equilibrium. Mathematically, with L:—V/2 being the
effective height of the phase and ~ being time,

DBL

BT 'Tp

dP„
T ~ (8)

All of the experimental measurements satisfy the condi-
tions roT(((T, —T) and T=const, and the solution to
Eq. 8 is by inspection

~ d co

where (dP„/dT) is assumed to be constant.
In the steady state limit, the deviation from coexistence

varies linearly with both temperature ramp rate and ~p
and can be expressed in terms of a shift of either volume
fraction or temperature away from coexistence:

dP„
0ss=4ss 0 o= roT dT

T Tco Vp

where T„ is the temperature at which Pss is at two-phase
coexistence.

In principle, ~p could be determined by calculating the
hydrodynamic Bows in the cell, but the complicated cell
geometry precludes anything but an estimate of ~p. A

We define a characteristic time Tp:—LL DBL /D and
rewrite Eq. (6) in terms of the new variable P=P —P„ to
get

ay
07 7p d7

Allowing the temperature to vary at a rate T, we obtain
the general equation for the difFerence between P and the
equilibrium volume fraction in the temperature ramp ex-
periments:
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very simple approximation replaces the cell volume by a
cylindrical cavity, replaces the stirrer by a rotating bot-
tom plate, and neglects any Aow of the liquid-liquid men-
iscus. The diffusion boundary layer in this case does not
vary in thickness over the meniscus and to within a factor
of order one has thickness [8]

]. /3 1/2
D V

LDLL(estimate) =
V 277

(12)

where v is the kinematic viscosity of the stirred phase and
f the stirring frequency. For a geometry close to the ac-
tual cell geometry, a stir rate of 1 Hz, and a temperature
3 K below the critical temperature, Eq. (12) gives
LDLL(estimate) = 1.7 X 10 m, which implies wo(esti-
mate) =0.75 h.

To know P or T T„ in—absolute units, we must mea-
sure ~p. For concreteness, we describe how ~Q can be
determined from the measurements of 5, but an
equivalent analysis applies for ltj measurements. The
steady state ramp data consist of a set of data pairs (5, T ),
which we parametrize as 5=g( T ). Inversion of the func-
tion g and substitution into the steady state solution for P
results in a relation between 5 and P:

dP„0= —&oT dT
dP„

rag '(5)—
dT

(13)

If we change the temperature ramp discontinuously, the
general solution for P, Eq. (9), predicts an exponential re-
laxation of P to its new steady state value,

ln
Tp TQ

r+ ( ln
/
A

/

—inro) . (14)

I = dz z— (15)

where p(z) gives the average volume fraction of MC as a
function of distance z from the wall, and P~ is the volume
fraction of the bulk liquid. For our experimental ar-
rangement, the z axis lies in the horizontal plane, normal
to the silicon surface. In the limit T~T„ the bulk
liquid and wetting layer have volume fractions P~ and
PwL, and we can normalize the adsorption I to get
I /(Pwz —P~ ), which for states close to coexistence

We measure the relaxation of 6 with time, and with the
above map, Eq. (13), the values of 5 measured during the
relaxation are converted into Piro. By Eq. (14), a plot of
In(~P —Pss~/ro) versus r should then be linear with a
slope 1 /7 p.

The above theory describes the thermodynamic state at
which we take each measurement. We also need a set of
optical models to convert the ellipsometry data into a
measure of the quantity of adsorption. Near coexistence,
the volume fraction of the adsorbed liquid is uniform
over most of its thickness, and we can refer to a "wetting
layer" of volume fraction PwL and thickness l. Far from
coexistence, the adsorbed layer is little thicker than the
bulk correlation length, and a better measure of the
amount of MC attracted to the surface is the adsorption
I, equal to the zeroth moment of the profile:

2

f(n )=-
n +1

(17)

We use the density functions given by Heady and Cahn,
[20], and pure refractive indices for the laser wavelength
of 633 nm of nMc(20'C)=2. 0207 and npFMc(20'C)
= 1.6427.

From literature values [26,27], the refractive index of
the bulk silicon and the oxide overlayer are
3.867+0.020i and 1.460. Ellipsometric measurements of
silicon wafers in air imply the existence of a transition
layer between the oxide and the pure silicon [26]. Con-
verting the results of Aspnes and Theeten [27] to a 633-
nm wavelength, the transition layer has an apparent
thickness of 0.7+0.2 nm (1 o error) and a refractive in-
dex of 3.2+0. 5 (1 cr). The optical modeling of dielectric
media used to interpret the ellipsometric results will
break down for layer thicknesses of a few molecular spac-
ings or less [3,28], so it is not clear whether the 0.7-nm
layer corresponds to a true transition layer or merely
compensates for the nonlocality of the dielectric response
near a sharp silicon-silicon dioxide interface.

Unfortunately, we have found that the interpretation
of the ellipsometric data depends on the choice of param-
eters for this transition layer. We made two measure-
ments of the oxide layer thickness, do, for the cell 2 sil-
icon wafer, once in air and once with the wetting phase
adjacent to the substrate. In both cases there is no thick
wetting layer, and we can determine the thickness of the
oxide layer from the ellipsometric parameters, given any
assumed transition layer model. We vary the transition
layer thickness dT and refractive index nT independently
by approximately 1 o. errors to test the dependence of
I /(PwL —P~) on the choice of transition layer model.
We found that the oxide thickness determined by the in-
air and in-liquid measurements agreed within experimen-
tal errors for the transition layer models (n T

=2.6,
dT =0.Snm), (3.2, 0.7 nm), and (3.6, 0.9 nm), but
disagreed for the models (3.6, O. S nm) and (2.6, 0.9 nm)
and a model with no transition layer at all. For the data
analysis we choose the model (3.2, 0.7 nm) for the transi-
tion layer. Errors in the ellipsometric measurements used
to determine d and uncertainties in the exact transition

equals the wetting layer thickness plus a small positive
constant resulting from the sharp increase in P near z =0.

Rather than assume a slab profile of the refractive in-
dex through the wetting layer, we use the more realistic
profiles of Sec. IV to obtain P(z). To convert the P(z)
profile into a refractive index profile, we use literature
values for the refractive indices of the pure components
[23,24] plus the Lorentz-Lorenz relation [25]. Assuming
that there is no significant change in volume upon mixing
and that the only temperature dependence results from
the change in density with temperature, the Lorentz-
Lorenz relation gives

PMc(»
f(n )=P . f([nMc(20'C)] )

PMc 20 C

PPFMc( T)

PPFMC
(16)
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layer parameters result in systematic errors of a few
nanometers in the quantity I /(PwL —Pz). We quantify
the errors in Sec. V.

With the complete refractive index profile specified, we
calculate the parameters 5 and i' for any adsorption
profile by a matrix method [28], and by fitting the
theoretical I /(PwL —Pii) versus 5 or g results to a poly-
nomial, we obtain a mapping of experimental ellip-
sometry results to adsorption. The maps used to convert
the raw data into the symbols in the figures are given in
Appendix A.

IV. THEORY OF ADSORPTION
A simple postulate for calculating the adsorption of a

near-critical liquid mixture of A and 8 molecules at a
surface is to assume that a short-range force perturbs P at
the surface, resulting in a profile P(z) decaying away from
the wall towards the bulk value P~. Far above T„,but
within a few kelvin of the critical temperature, and at
length scales large compared to the intermolecular spac-
ing, P will decay exponentially with a characteristic
length g, the bulk correlation length [6,29,30]. In con-
trast, if the surface favors A molecules and the bulk
liquid is more 8-rich than the critical concentration, then
P(z) will have a slablike profile for small T —T„[31].
The profile will have a plateau at a value of P close to the
concentration of the A-rich phase at coexistence, and this
plateau is termed a "wetting layer. "

Close to coexistence, the free energy of the interface
can be written as a function of the single parameter l, the
wetting layer thickness. Our approach-to-coexistence
data extend up to 3 K above T*, though, and a slablike
wetting layer poorly approximates the actual adsorption
profile. To avoid the restriction of an assumed adsorp-
tion profile, we write the interfacial grand potential A as
a functional of P(z) [30]:

f, from the free-energy data exceeds by a factor of 3 —4
the amplitude found using two-scale factor universality
and data for the coexistence curve and surface tension.
Because the surface tension data agree to within 20% of a
previous measurement [33] in the temperature range of
our data and because the coexistence curve measurement
is both simple and reliable, we are most skeptical of the
free-energy data. These data also imply that near T, but
in the single-phase region, f, (0, an unphysical result.
For these reasons, we And the necessary amplitudes from
only the coexistence curve and surface tension measure-
ments, plus scaling theory and amplitude ratios.

Because the published results of Heady and Cahn do
not use accepted renormalization-group values for the
critical exponents [30], we have shifted the surface ten-
sion exponent and refit the coexistence curve. For the
surface tension, we find cr=oo~t ", with o0=2.27X10
J m and p=1.26. We assume a functional form for the
coexistence curve of

(20)

(21)

and with fixed /3=0. 325 and b.&=0.5, find for the ampli-
tudes Q, =0.5403, C= —0.280, 8 = 1.951, and B,= —0.694. This parametization has an estimated accura-
cy of 6 X 10 in P for the range of t needed for the exper-
iments described in this paper.

We refer to Ref. [3] for a detailed discussion of the ap-
propriate amplitude ratios and notation, and we give here
only the final results. For the coeKcient of the gradient
term, we find m =ma ~t ~

", with i)v=0. 02 and
mo=4. 84X10 ' J m '. For the derivative of the excess
free energy we find

0= f dzf ,'m(P') +f, (P—,Ps, t)] (18)
=b.(p, t) —b, (p~, t ), (22)

where f, is the excess free energy per unit volume to
create liquid of volume fraction P out of liquid of volume
fraction P~ at reduced temperature t = ( T —T, ) /T„and
nz is a coefIicient that varies only slowly with tempera-
ture. We assume that P at the substrate has a fixed value
P„and then the Euler equation which minimizes 0 is

where the deviation of 5 from its value along the coex-
istence curve, 6„is given in terms of a scaling function
[34] h (K):

(23)

2P (y —1)/2P

mP" =
ay

(19) h (x)=Ei +1
Xo

1+E2 +1
o

(24)

For all of the calculations we assume P, = 1, correspond-
ing to pure MC at the substrate (as is done by Liu and
Fisher in Ref. [6] ).

A previous paper [3] demonstrates how to determine

f, from a universal scaling function and how two-scale
universality determines all of the relevant thermodynam-
ic parameters given experimental amplitudes of only two
critically diverging quantities. Heady and Cahn [20] ac-
tually measured three critical amplitudes for the system
PFMC and MC: surface tension, the coexistence curve,
and the curvature of the free energy, which is proportion-
al to f, . Although the experimental evidence for two-
scale factor universality is strong [32], the amplitude of

Renormalization-group calculations give for the ex-
ponents y = 1.24 and 5=4.81 [30,35]. The necessary am-
plitudes [3,20,30,32,35] for PFMC plus MC are
Eih, =(6.2+1.9)X 106 Jm, Ez =0.30+0.02, and
xo =0.1912+0.0057.

We solve the Euler equation numerically, and from
each profile we find the wetting layer thickness, equal to
the distance from the wall at which P=P„and the ad-
sorption of the profile, I". In the limit that the wetting
layer is much thicker than a bulk correlation length,
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NwL 4B
(26)

where Iz is typically less than 1 nm for the data in this
paper. In the same limit, the exponential relaxation of P
in the plateau region of the wetting layer results in a dis-
joining pressure, or equivalently a pressure on the
wetting-layer —bulk-liquid interface, of the form [6]

H =He (27)

(28)

since in the grand potential f, is equivalent to the pres-
sure difference between a phase of volume fraction Pii
and a phase of volume fraction pwL. We refer to this
pressure on the interface as the "bulk correlation force."
The numerical solutions of the Euler equation differ by
10%%uo or more from the form in Eq. (27) only for l (6 nm,
and in hindsight the simple form for II&, Eq. (27), suffices
for almost all purposes.

For sufficiently thick wetting layers, the long-range
dispersion or van der Waals forces on the wetting-
layer —bulk-liquid interface will dominate the short-range
force characterized by H&. We describe the dispersion
forces using the theory of Dzyaloshinskii, Lifshitz, and
Pitaevskii [1], generalized to include effects of the oxide
overlayer in the calculation. Simpler theories for disper-
sion forces do exist, but these theories do not include the
retardation effects that can be important for typical layer
thicknesses observed in this experiment. Because the re-
sulting formulas have not been published, we give the re-
sults in Appendix B. The long-range van der Waals
forces between molecules depend on the molecular polari-
zability of the molecular species and on the distance be-
tween molecules. The DLP theory describes the elec-
tromagnetic interaction of homogeneous dielectric media,
and instead of molecular polarizability requires as param-
eters the dielectric constant as a function of frequency for
each of the media. In practice, the dielectric constant
can be adequately modeled by a set of oscillator strengths
and oscillator frequencies for each medium, and Appen-
dix B lists these parameters. The Lorentz-Lorenz formu-
la described in Sec. III is used to predict the dielectric
constant of liquid mixtures.

Besides assuming that the dielectric layers are consid-
erably thicker than the average molecular spacing, the
DLP theory also assumes that the wetting layer and adja-
cent media are homogeneous and have sharp boundaries,
in contrast to the profiles predicted by the free energy of
Eq. (18). To estimate the effect of the saturation of P at
the surface, we have calculated dispersion forces for the
system silicon —1 nm of MC —a layer of M —bulk P and
for the same system without the layer of MC. The
difference in dispersion forces between the two systems is
less than 1% for all wetting layer thicknesses for which
the dispersion forces equal or exceed H&. We conclude
that the finite bulk correlation length has little effect on
the dispersion forces.

In equilibrium and with no other contributions to the dis-
joining pressure the wetting layer thickness satisfies

where t&
=—(T& —T, )/T, . In the limit 1))g, II& will

equal the bulk correlation force on the liquid-liquid men-
iscus, but for l comparable to the interface width we can-
not readily interpret H& as a force on an interface at some
specific distance / from the wall.

We now assume that inclusion of the disjoining pres-
sure resulting from dispersion forces, HD, will shift the
temperature at which the wetting layer has thickness t',

and that this small temperature shift has no appreciable
effect on H&..

IID+IIg=f, (AWL 4a t)

fe(4'wuks t&)+(T T&)f '+0((T T&) ),
(30)

where

(31)

Only for temperatures within a few millikelvin above
coexistence do the dispersion forces contribute
significantly to the total disjoining pressure, so evaluating

f,' at coexistence gives a negligible error.
Then for fixed l, dispersion forces shift the temperature

away from coexistence to the new value, T—T„:
HD

T T„=(T~ —T„)+— (32)

Because we have not altered the P profile, the optical cal-
culations for the ellipsometric parameters 5 and P do not
change with the addition of dispersion forces.

V. OBSERVATIONS

Before the measurements were made, we expected the
conceptually simple approach-to-coexistence data to pro-

The converse conclusion, that adsorption caused by a
finite correlation length varies little with changes in
dispersion force, may not be true. Long-range correla-
tions from dispersion forces must lead to a power-law de-
cay of P(z) at sufficiently long distances [2,12,13]. The
bulk correlation force, Eq. (27), will then become a power
law force, H-1/l", and the results of the free energy as-
suming only short-range forces, Eq. (19), will be in-
correct. We have not attempted to estimate the crossover
wetting layer thickness beyond which the power-law
form of H& is valid, but instead look for possible devia-
tions of the experiment from the predictions of the
short-range form of H&.

To predict the adsorption resulting from both disper-
sion forces and bulk correlation forces, we add the two
disjoining pressures linearly. For any adsorption profile
calculated from the Euler equation above, we have I or I
versus T&

—T„, where T& is the temperature at which
the adsorption was calculated, and T„ is the coexistence
temperature for a phase of volume fraction P. We can
define an efFective disjoining pressure by taking Eq. (28)
to be valid at all temperatures:

(29)
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vide a baseline measurement against which we could
compare both the theory and the nonequilibrium data.
In practice, the equilibrium measurements in PFMC plus
MC proved much more problematic than measurements
on another binary liquid system [7].

Over several months at =45 C both cells became con-
taminated with what appeared to be dust or a chemical
precipitate. In cell 1 at room temperature, the impurity
visibly clustered at the liquid-liquid meniscus, but in cell
2 no impurities were visible with the naked eye. Shortly
after filling and at room temperature, liquid completely
wet the glass walls and silicon wafer at the solid-liquid-
vapor contact line, and M phase completely wet the sil-
icon at the silicon-I-P contact line, for both cells I and
2. After several months, cell 1 became incompletely wet
at both contact lines at room temperature. Cell 2, in con-
trast, remained completely wet in both cases throughout
the measurements. For these reasons, we believe cell 2 to
be superior in cleanliness.

We measured T* by stirring or shaking the sample and
looking for droplets of a second liquid phase suspended in
the bulk liquid. In cell 1 the impurities scattered light
strongly and as a consequence we could only assign a lim-
it for T* with the large error bars of +30 mK. Within
this error, turbidity measurements of a continuously
stirred cell gave a T* in agreement with the visually
determined value. To achieve the smaller +10-mK errors
for cell 2, the approach-to-coexistence data were taken
within one month of filling, and only at the end of this
period did the impurities interfere with the T* measure-
ment. Cells 2 and 1 had drift rates for T* of 1.3 and
(O. S mKd ', respectively. Over the one to two day
period necessary to perform a full approach-to-
coexistence scan, these drift rates give a negligible shift in
temperature.

Systematic errors in the data resulting from uncertain-
ties in modeling the oxide and transition layer are not
shown in the figures, but are estimated as follows. The
in-liquid measurements give values of do with consider-
ably more scatter than the in-air measurements, possibly
as a result of strain birefringence in the cell walls and
the low refractive index mismatch between the liquids
and the oxide. The corresponding uncertainty in
I /(Pw„—P~ ) is +0.4 nm for in-air determinations of do
and +3.5 nm for in-liquid measurements. Variations in
the transition layer parameters, within the allowable
range determined in Sec. III, give an additional uncer-
tainty of +1.0 nm. Both sources of error systematically
shift the I /(PwL —P~ ) versus temperature data with lit-
tle change in the shape of the curves. For cell 1 we made
no in-air measurement of do, so the experimental points
could have a systematic error of up to 3.5 nm (adding the
errors in quadrature). Cell 2, on which we did make in-
air measurements, has data with an estimated systematic
shift of up to 1.1 nm.

Figure 3 shows the approach-to-coexistence data for
cells 1 and 2 along with theoretical estimates of adsorp-
tion from Sec. IV. For each data point, we typically
waited 3—S h for thermal equilibration, stirring for =20
sec 3—4 times over the course of this period, and waiting
30 min after the last stir before making the ellipsometry

O +i

I

Ceil 2
Tc—Tco= 2.66K

O

I

O

I I

Cell 1

Tc—Tco= 2.66K

C3

DISP and

C3

DISP

+ 'I
X

measurement. Within the limits of the errors, the data of
both cells are roughly consistent with the upper limit of
the theory of bulk correlation forces and are not con-
sistent with adsorption by dispersion forces alone. The
anomalous rise in adsorption at temperatures near T* ob-
served with cell 1 did not occur in the visibly cleaner ceil
2, suggesting that the rise is not an inherent property of
the system PFMC plus MC on silicon. As mentioned in
Sec. III, we expect the approach-to-coexistence data to
depend little on stirring. However, variations in the
duration and turbulence of stirring of cell 1, even after
thermal equilibrium had been maintained for several
hours, gave sizable shifts in 1 /(PwL —P~ ). For example,
we observed shifts of +4 nm at T—T*=90 mK.

To allow comparison with the approach-to-coexistence
data, we performed a series of temperature ramp experi-
ments in the two-phase region at a temperature close to
T*. Dropping at least 0.2 K below T ensures that a

—4.0 —3.0 —2.0
~ o g & o [(T—&co)/Tco]

FIG. 3. Approach-to-coexistence data for cells 1 and 2. Tri-
angles and circles refer to adsorption derived from the ellip-
sometric quantities 5 and P, respectively. Crosses and plusses
also refer to adsorption derived from 5 and g, but with an
order-of-magnitude higher thermal gradient across the cell (see
text). For this trajectory, T„=T . The dashed line labeled
DISP shows the adsorption predicted by dispersion force theory
alone, and the solid line labeled DISP and g shows the adsorp-
tion from dispersion forces and bulk correlation forces. Es-
timated uncertainties in the solid line theory are indicated by
the two dotted lines. Scatter in the data is representative of typ-
ical errors both in ellipsometry and run to run reproducibility.
Horizontal error bars result from uncertainty of T*.
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suKciently large volume of P phase has been created so
that the interface between the bulk P and M phases will
extend over the complete cross section of the cell.

As a test of the general solution for P, Eq. (9), and as a
measure of ~o, we measured the change in adsorption
with time following a discontinuous change in ramp rate.
Two relaxation runs, with changes in ramp rate of oppo-
site sign, are shown in Fig. 4. Over the range of time
studied, the relaxation appears exponential and has a
value of ~o reproducible to typically 30~o. Limits on the
curvature of the data indicate that over each decade of
variation in P, rp varies by no more than 40%. From Fig.
4, ~o at a stir rate of 1.50 Hz and 3.1 K below T, is 3.4 h.
At 10.5 K below T, and at the same stir rate, ~o drops to
0.44 h. Possibly the larger P volume at the lower temper-
ature exerts more drag than the very small P volume for
temperatures just below T, resulting in more shear, a
smaller LDBL, and a smaller ~0. Results for both temper-
atures agree with the order-of-magnitude estimate from
Sec. III of 0.75 h. Data at a stir rate of 0.66 Hz were also
taken, and by comparing ~0 for the two stir rates, we can
test the prediction from Eq. (12) that rp- f ''. Averag-
ing the rp ratios from all relaxation runs, we find 7p(1.50
Hz)/rp(0. 66 Hz) =0.69+0.20, in good agreement with the
predicted ratio of 0.67. We conclude that the theory for
the temperature ramp technique predicts the correct time
response of a wetting layer to changes in ramp rate and
that the measured characteristic relaxation times agree
with theoretical estimates.

With ~0 known, we can convert the experimental pa-
rameter of temperature ramp rate to deviation of temper-
ature from its coexistence value, T—T„,or deviation of
volume fraction from its coexistence value, P —P„, ac-
cording to Eq. (10) or Eq. (11). We choose to plot the

C3

L

I

Cell 1
—T—2

CO

—6.0
I l

—5.0 —4.0
log ~p[(T—Top)/Tpp]

—3.0

FIG. 5. Temperature ramp data 3 K below T, . Triangles and
circles refer to adsorption derived from the ellipsometric quan-
tities 5 and f, respectively, for a stir rate of 0.66 Hz. Crosses
and plusses also refer to adsorption derived from 5 and g, but at
a stir rate of 1.50 Hz. The dashed line labeled DISP shows the
predictions of dispersion force theory alone, the dashed line la-
beled g shows the predictions of the bulk correlation force, and
the solid line corresponds to the sum of dispersion and correla-
tion forces. Estimated uncertainties in the solid line theory are
indicated by the two dotted lines. Errors in the ellipsometric
parameters and in ~0 give the error bars shown.

I o
ps-

0 4 6 8 10 12
Time (h)

FIG. 4. Relaxation of volume fraction after a change in tem-
perature ramp rate. Fitting the data to a line gives the charac-
teristic relaxation time ro as the negative reciprocal of the slope.
Crosses and filled circles represent 6 data; plusses and filled tri-
angles represent f data. The error bars result from uncertain-
ties in the mapping of the measured ellipsometric parameters to
the plotted P —

Pss, and the 14% difference in rp for the two re-
laxations is typical of the run to run reproducibility of 'Tp.

steady state ramp data as normalized adsorption versus
T—T„ to allow easy comparison with the approach-to-
coexistence data.

Figure 5 shows the steady state ramp data for cells 1

and 2 at a temperature close to T*. The data of cell 1

display more scatter than the cell 2 data, but the two data
sets agree with one another and also agree with the
theory of adsorption that assumes short-range, exponen-
tial decay of correlations. The data do not conclusively
distinguish between the theory with or without dispersion
forces, because at this temperature and for the experi-
mentally accessible range of T—T„, dispersion forces
are weak relative to bulk correlation forces. A stir rate of
1.50 Hz and a ramp rate of 0.25 mKh ', the slowest
used for these experiments, give a deviation from coex-
istence of T—T„=0.60+0.25 rnK, a resolution 40X su-
perior to the cell 2 approach-to-coexistence data. Note
that if the worst case T* drift, 1.3 rnK d ', reAects a uni-
form upwards shift of the whole coexistence curve at the
same rate, then this drift is equivalent to a negative ramp
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FIG. 6. Temperature ramp data 10.5 K below T, . The code
for the symbols and lines is identical to the code for Fig. 5.

rate of 60 pKh, a 24%% shift in the effective T. This
effect and the thermal stability of the thermostat set a
practical lower limit for T—T„. Measurements of the
adsorption in cell 1 at distances of 1.6, 4.0, and 7.2 mm
below the liquid-liquid meniscus gave results independent
of height to within the estimated error, as expected for a
continuously stirred system with minimal gravitational
sedimentation. For comparison, we have calculated the
gradient in P resulting from gravity in an unstirred cell
with no temperature drift [36], V'P=g(ppFMc—pMc)(BQ/M ). At T, —T=3.0 K and a distance of 1

cm below the meniscus, the shift from coexistence is
equivalent to (T T„—)/T, =1.7X10

Independent of the uncertainty in oxide and transition
layer modeling, the cell 2 ramp data and cell 2 approach-
to-coexistence data differ by an amount somewhat larger
than the estimated uncertainty in the data, even though
both sets of data lie within the bounds of the theoretical
curves. We do not know if this represents a physical
effect or an underestimate of the error in one or both
measurements.

At temperatures significantly lower than T', disper-
sion forces become more important as the bulk correla-
tion length drops in magnitude. We made a series of
ramp measurements at 10.5 K below T, with the inten-
tion of searching for stronger dispersion force affects. As
seen in Fig. 6, at this temperature the ramp data map out
the crossover from adsorption dominated by bulk corre-
lation forces to adsorption dominated by dispersion
forces. At the lowest values of T—T„, the data agree
with the DLP theory, and at higher deviations from coex-
istence the data are consistent with the simple superposi-
tion of forces outlined in Sec. IV.

We performed a variety of control experiments to
confirm that the above results are not significantly per-
turbed by imperfect temperature control. Using heaters
embedded into either the top or bottom of the innermost
thermostat shell, we artificially induced thermal gradients

of approximately twice the measured limit, described in
Sec. II. Ramp data taken with the top heater on and
with the bottom heater on had differences in wetting lay-
er thickness of less than 0.1 nm. When we increased the
laser power by a factor of 10 while ramping at the
slowest-.-ate, the wetting layer thickness changed by less
than 1 nm, evidence that laser heating is not important.
We made no direct measurements of thermal gradients
while taking the approach-to-coexistence data, but we do
note that strongly increasing the thermostat thermal gra-
dients by removing the stage-1 thermostat shell and in-
creasing the stage-3 heater output by approximately a
factor of 10 gave no noticeable change in adsorption. We
estimate that the thermal gradients are 0.1 mKcm
with the stage-1 shell, and 1 mK cm ' without the shell.
To confirm that the stirring used for the ramp technique
did not cause a shear instability at the wetting-
layer —bulk-liquid interface, we measured the adsorption
with the stirrer on and then remeasured the adsorption
after five minutes of no stirring. We observed less than
0.1 nm change in wetting layer thickness between the
measurements.

VI. DISCUSSION

The reproducibility of the temperature ramp data, its
agreement with reasonable theoretical predictions, the
observed exponential relaxations of volume fraction, and
measured values of ~o close to the estimated value all sug-

gest that the theory for the temperature ramp technique
outlined in Sec. III is correct.

For the data at T, —T= 3 K, the crossover between a
disjoining pressure dominated by dispersion forces and
disjoining pressure dominated by bulk correlation forces
occurs at I =30 nm. The correlation length at this tem-
perature is 3.0 nm, so the agreement between the mea-
surements and the theory implies that the exponential re-
laxation of P dominates any power-law relaxation out to
at least five correlation lengths. Consequently, we have
no evidence that the simple Widom theory inadequately
describes the bulk correlation force.

The agreement between the ramp data and the theory
for bulk correlation forces may be somewhat fortuitous,
since at large l capillary waves contribute a term to H of
the form A exp( —l/g), the same functional form found
with a bulk correlation force [5]. Although both theory
and experiment have fairly large systematic errors in l or
I /(PwL —

P~ ), based on the quantitative agreement be-
tween the experimentally measured and theoretically pre-
dicted adsorption we can conclude that capillary waves
contribute a disjoining pressure that is of the same order
of magnitude as or less than the disjoining pressure re-
sulting from bulk correlations.

The theory for T, —T= 10.5 K indicates a strong con-
tribution to the disjoining pressure by dispersion forces.
The agreement between this theory and the cell 2 ramp
data confirms the validity of the DLP theory for calcula-
tions of forces for liquid mixtures in a solid-liquid-liquid
configuration, complementing previous experiments on
forces in systems with a solid-liquid-vapor, solid-vapor-
solid, or solid-liquid-solid geometry [37—39].

We have already mentioned that the observed impuri-
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ties hindered the measurement of T*, especially in cell 1,
and that this difficulty contributes large errors to the
approach-to-coexistence data. For the earliest deter-
minations of T for cell 2 we saw no impurities, however,
and yet the cell 2 approach-to-coexistence data do differ
somewhat from the ramp data for similar T—T„. Two
possible experimental difficulties that would affect the
equilibrium data but not the temperature ramp data in-
dependent of any uncertainty in T' follow.

1. If the free energy of an impurity particle is reduced
by being surrounded by M liquid or by being localized at
a liquid-liquid meniscus, the creation of a thick wetting
layer even in the single-phase region would provide an
energetically favorable site for the impurities. In the
two-phase region, the impurities could accumulate at the
bulk liquid-liquid meniscus or in the bulk M phase, and
the adsorption would be less than in the single-phase re-
gion.

2. If M liquid adsorbs on large surface area impurities
or condenses inside small crevices of the sample cell, and
if the quantity of adsorption increases as the temperature
approaches two-phase coexistence, the approach-to-
coexistence trajectory will bend towards smaller (t values
just above the coexistence curve. The distorted trajectory
will result in a distorted plot of I /(PwL —iI)~) versus
(T T„)/T„—. If an identical loss of MC occurs in the
two-phase region, the only effect will be a negligible
change in the volumes of the two coexisting phases, with
a correspondingly negligible change in ~o.

In a previous study of the effects of stirring on wetting
layers [40], the early stage growth of the layers occurred
over periods on the order of one hour for stir rates close
to 1 Hz, in disagreement with a theory describing
diffusion in the vicinity of the wetting layer [8]. We now
believe that the initial jurnp up in temperature, used to
reduce the wetting layer thickness, leaves the bulk liquid
phase far in the single-phase region and that diffusion
limited transport across the liquid-liquid meniscus
governs the relaxation of the concentration back to its
steady state value. The characteristic time for such a
process is wo, which has a typical magnitude in qualitative
agreement with the observed growth times.

Many of the characteristics of the temperature ramp
technique make it an ideal tool for exploring the thermo-
dynamics and adsorption properties near wetting transi-
tions. With equilibration times of a few hours, the tech-
nique can reliably probe states in the range 50—0.5 mK
above the coexistence curve and is not confined to a sin-
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APPENDIX A: DATA MAPPINGS

As explained in Sec. II, we combine the theoretical ad-
sorption profiles with optical models to obtain a map be-
tween I /(PwL —Pz) and 5 and g. To allow conversion
of the data points back to the original 5 and t(i values,
Table I lists for the cell 2 figures the polynomial
coefficients of the expressions

PwL 4B i =0
(A 1)

where x may stand for either 5 or itj. The incident angle
was 69', and the mapping assumes a transition layer
thickness of 0.7 nm, a transition layer refractive index of
3.2, and an oxide thickness from in-air measurements of
1.52 nm.

APPENDIX B: DISPERSION FORCE THEORY

In this appendix we present the formulas necessary to
extend the dispersion force theory developed by Dzy-

gle cell concentration per cell, unlike the approach-to-
coexistence method. Furthermore, thermally induced
convection [10,11,36] does not disturb the steady state,
which is not true when gravity is used to push the system
off coexistence. As an example of a potential application,
the temperature ramp technique could be used to search
for the line of prewetting transitions predicted to exist for
any wetting system with a first-order wetting transition
[41,42]. A previous search which gave null results could
only reliably measure adsorption states more than 50 mK
above coexistence [21],a sensitivity roughly two orders of
magnitude worse than the sensitivity potentially possible
with the ramp technique.
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TABLE I. Coefficients for map of adsorption to ellipsometric parameters. The units for I'/(P~L —Pii) are nanometers, and radi-
ans for 5 and g.

Fig. Ao

2.04078 x 10'
—4.39g g6X 10

4.875 52 X 10
—2.839 70 x 10'

1.739 81 x 10'
—2.442 17x 10'

—2.035 40 x 10'
1.352 11x10'

—5.443 44 X 10
7.91492 x 10'

—1.828 54 X 10
6.591 26 X 10

Aq

6.928 46 x 10'
—1.367 05 X 10

2.055 79 X 10'
—7.021 46 x 10

6.571 37 X 10~
—5.723 94 x 10'

A3

—8.045 80 X 10'
4.925 49 x 10'

—2.618 46 x 10'
2.301 16X 10

—8.048 70 X 10'
1.817 38 X 10
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aloshinskii, Lifshitz, and Pitaevskii [1] (DLP) to the case
of four homogeneous, planar dielectric media.
Sandwiched between the semi-infinite media 1 and 4 are
medium 2 adjacent to medium 1 and of fixed thickness I2,
and medium 3 of thickness l3, across which the force is
calculated. The DLP paper develops a general theory for
the dispersion forces in isotropic but inhomogeneous
dielectric media. To actually calculate a force requires
first finding a Green function appropriate to the system,
and simple planar geometries facilitate this task.

For the case of a homogeneous dielectric medium, the
Green function consists of simple and analytic exponen-
tial terms. The Green function for a dielectric slab be-
tween two semi-finite dielectric media can be found by
matching the Green functions for each medium, subject
to appropriate boundary conditions, and DLP give the
final result for this geometry in Eq. 4.13 (DLP). Subse-
quent formulas in the DLP paper make various approxi-

mations, many of which can introduce large errors unless
carefully applied. Since Eq. 4.13 (DLP) can be readily
evaluated by a computer, there is little point in using the
approximations.

The Green function for the four-media case follows the
derivation for the three-media case with the addition of
one more plane at which boundary conditions are
matched. With the two exceptions of using I, for the
thickness of medium i and denoting the disjoining pres-
sure by HD instead of —F, we adopt the notation of DLP
and will not define each variable. In particular, 6 refers
not to a free-energy amplitude but to a parameter in the
DLP theory. We can rewrite Eq. 4. 13 (DLP) as

II (I )=;g'(e ) ~g I diop —+:, (Bl)

with

W3+ W4

W3 W4

(t03+ LU2 )(wi + to2 ) exp(2w2lz )+ (ui3 iLOQ
)(LO 2 UJi )

exp(2iJ ~ l ~ )
(wg M2)(wi+wp) exp(2w2lp)+(wg+wp)(wp uii )

2 in[E;+E~(p —1)]'~ (B3)

and 6 obtained by replacing w; by e;/w, , except in the exponents. When the dielectric properties of medium 2 ap-
proach the dielectric properties of medium 1, the formula for 6 approaches the three-Inedia result of DLP.

For ease of numerical computation, we transform Eq. (Bl) using u = I/p to get for the contribution of the nonzero
frequencies

IINz(l, )= g (e~) g„ 1 4
—+:B 3/2 3 & du 1 1

ETC o u4
(B4)

In the sPecial n =0 case, we use the transformation u/(1 —u) =Kg, K =(/pl~/c)(e~o)'n, where e&o is the zero-frequency
dielectric constant of medium 3. The result is

kBT
IIz(l~ ) =

~
du

2m(l~) o (1—u) b,
(B5)

~30+ ~40 2u
exp

~30 ~40 1 —u

( E3Q + Ego )( e iQ+ eqp ) exp [2l2 u /l q ( 1 —u ) ]+ ( epp Ego )( e2p e ip )

(e'so ezo)(&io+&zo) exp[212u/l~(1 —u)]+(eso+e2Q)(~2Q eio)
(B6)

TABLE II. Dielectric parameters for Si, Si02, C7F&4, and C7H&4. Each material is assigned an oscil-
lator frequency in the infrared, co;„, and in the ultraviolet, co„,. The constants ef;, and e„;, are approxi-
mately equal to the dielectric constant in the far-infrared and visible regions of the spectrum, far away
from either oscillator frequency.

Material

Si
SiO2
C7FI4

C7HI4

11~ 8
3.81
1.82
1.82
2.020

~vis

11.8
2.10
1.634
1.636
1.994

(10" rad sec ')

0.188
0.24
0.24
0.24
0.55

~uv
(10' rad sec ')

20.33
26.0
18.0
26.0
18.3
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To apply these equations to PFMC plus MC mixtures
against silicon, we adopt the dielectric models as ex-
plained by Hough and White [43] and as applied to a
binary liquid system by Kayser [44]. We replace the
spectrum of electromagnetic absorption bands in each
medium by two single frequency oscillators, one in the in-
frared and one in the ultraviolet. The resulting dielectric
constant as a function of imaginary frequency is

&fr &VIs ~vise(ig)= +— +I .1+(g/co;, ) 1+(g/co„, )
(B7)

We use literature data on dielectric constants [45,46], re-
fractive indices [23,24], and optical-absorption spectros-
copy [47] to find the frequencies and oscillator strengths
of the model, listed in Table II.

The predominant error in the parameters is the PFMC
ultraviolet absorption pole frequency. We determine this
frequency by fitting visible and near-uv refractive index
data to a single pole oscillator model, but the At is much
poorer than for other typical liquids or solids. Because
MgF2 refractive index data also cannot be fit well with a
single oscillator, we suspect that the poor At is charac-

teristic of Auorine compounds and not a result of poor
PFMC data. We have listed two plausible oscillator
models in the table. As an example, at 10.5 K below the
critical temperature and for wetting layer thicknesses be-
tween 14 and 34 nm, the model with the higher oscillator
frequency gives IID 20—10 % lower than the lower-
frequency model.

The electrical conductivity o. of the silicon causes a
divergence in the dielectric constant at zero frequency,
and although the magnitude of the effect will be orders of
magnitude smaller than in a metal, this will in principle
modify the disjoining pressure. We estimate the magni-
tude of this effect by letting the zero-frequency dielectric
constant of silicon go to infinity for the zero-frequency
term, and for the nonzero frequencies adding a term
47ro /g (cgs units) to the dielectric constant for silicon
[48]. Because the dielectric constant diverges only in the
long-wavelength limit and the dispersion force integral
depends on a range of wave vectors, this approximation
of the dielectric constant overestimates the effect. The
difference between IID with and without the correction is
less than 1% for wetting layer thicknesses less than 60
nm, which is negligible.

*Present address: National Institute of Standards and
Technology, 6aithersburg, MD 20899.
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