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Wetting of a glass substrate by a binary liquid mixture
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By reflecting light from a horizontal solid-liquid interface, we have measured the thickness of a
gravity-thinned wetting layer in a stirred binary liquid as a function of temperature. The binary
liquid studied is a mixture of polar and nondipolar liquids, nitromethane and carbon disulfide,
respectively. At coexistence the lighter bulk nitromethane-rich (N ) phase floats above the heavier
carbon-disulfide —rich {C ) phase. It is observed along the coexistence curve, while the liquid is
stirred by a floating glass magnetic mixer, that a thick wetting layer of the X phase starts to
develop on the borosilicate glass substrate at the bottom of the sample cell about 150 mK below the
bulk critical temperature T, . The wetting layer thickness, which is about 400 nm (the height
spanned by the C phase is 0.82 cm), becomes constant through 7 K below T„while in the tem-
perature range T, —T &150 mK, the layer thickness is greatly reduced. Upon approaching bulk
coexistence (off the critical composition) in the C region, the N wetting layer increases in thick-
ness as is expected for a retarded van der Waals interaction.

I. INTRODUCTION

These wetting experiments grew out of the observation
that a binary liquid mixture of nitromethane and carbon
disulfide develops a thick wetting layer of the gravitation-
ally unfavored phase, i.e., a nitromethane-rich ( N' )

phase, on a horizontal borosilicate glass substrate when
the system is cooled from the one-phase region onto bulk
coexistence. Recently we discovered that such a quenched
wetting layer in a system at coexistence thins to a steady-
state thickness when the sample is stirred at a fixed tem-
perature. The thickness of such a layer was found to
remain constant over a period of 36 h (T, —T=7 K).
Kayser, Moldover, and Schmidt' suggest for the first time
the role of stirring in determining the steady-state thick-
ness of the wetting layer in these phase-separated samples.
At bulk coexistence we found that a steady-state wetting
layer can be easily burnt away by slightly raising the tem-
perature of the water bath surrounding the sample cell.
Subsequently, if the sample is stirred and the temperature
fixed, the system recovers to its original steady-state
thickness. Similarly, if a sample at bulk coexistence is
quenched, i.e., lowered in temperature, the wetting-layer
thickness is increased beyond the steady-state value. If
the sample is not stirred, the enhanced wetting-layer
thickness was observed to persist for more than 12 h
( T, —T=2 K). Continuous stirring returned the layer to
its original thickness. The wetting-layer recovery times
for quenched or burned systems at coexistence that are
continuously stirred varied from a few hours near the crit-
ical point to on the order of days far from T, . Typical
recovery measurements are shown in Fig. 1. The wetting
layers were smooth and stable while the sample cell was
inside the thermostat (temperature drift of 0.2 mK/week).
Measurements were also performed while the system was
in the bulk single-phase region and off the critical concen-
tration. Here the recovery behavior of the refiectivity was
like that observed in our critical adsorption experiments,
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FIG. 1. Reflectivity recovery curves at coexistence. Triang1es
are reflectivity measurements after cooling (at a rate of 100
mK/min ) and circles are reflectivity measurements after heat-
ing (at a rate of 50 mK/min ). The light is p polarized. Mea-
surements are at T —T, = —3 K, with the final temperatures
for the two experiments differing by T{heating,
final) —T(cooling, final) =0.1 K. The final temperature was at-
tained in approximately 5 min from time zero.
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i.e., long recovery times were not noticed. The purpose of
this report is to present these new observations of wetting
at fixed temperatures.

Wetting phenomena have been studied theoretically by
many workers, including Cahn" and Nakanishi and
Fisher. ' ' Using a Landau-Ginzburg expansion for the
free energy with a short-range contact interaction, Naka-
nishi and Fisher mapped out the phase diagrams for a
semi-infinite system. According to their theory, complete
wetting (characterized by an infinitely thick film) occurs
only when Hi (the surface field) and H (the bulk field)
have different signs while H approaches zero. A prewet-
ting (PW) line was predicted, which takes off tangentially
from the bulk coexistence curve at the wetting transition
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point (WP, temperature T ) and terminates at a prewet-
ting critical point (PWC) in the bulk one-phase region. A
hypothetical phase diagram for our system is shown in
Fig. 2(a). Along the prewetting line a first-order low-
adsorption —high-adsorption transition is expected, except
at P%C, where the transition becomes continuous. Using
a perturbative approach, Privman "' has taken long-range
van der Waals forces into consideration. One of his in-
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FIG. 2. (a) Phase diagram of the system. y denotes the
volume fraction of carbon disulfide, T the temperature, T, the
bulk critical temperature, T the first-order transition tempera-
ture, T the temperature of the hypothetical wetting transition
on coexistence (WP), and CR (shaded region) the bulk critical
region. The three thermodynamic trajectories used are labeled

by numbers. Placement of hypothetical prewetting (P%) hne
with prewetting critical point (P%C) on the right-hand side of
the phase diagram indicates that the system is wetted by the
nitromethane-rich phase. The inset shows how far the system is
pushed away form bulk coexistence due to gravity at the surface
of the glass substrate along critical trajectory 1, assuming that
the system is in thermal equilibrium. The actual distance is
probably less due to stirring. (b) Side view of sample cell
schematic. V denotes the vapor phase, X the nitromethane-
rich phase, C the carbon-disulfide-rich phase, SS the
stainless-steel plates, IG the indium gaskets, h the wetting-layer
thickness, and I. the height spanned by carbon-disulfide-rich
phase (equa1 to 0.82 cm on trajectory 1). The side wall is a
Pyrex g1ass cylinder. The substrate is a borosilicate glass prism.
The cell is held under compression by screws (not shown) con-
necting the stainless-steel plates. The sample cell seal (not
shown) is in the upper stainless-steel plate [see Ref. 2(c)]. I
denotes a floating glass-encapsulated magnetic sample mixer. A
stainless-steel-enclosed thermostor thermometer (not shown) ex-
tended from the top plate into the liquid. hp denotes the
chemical-potential difference for different levels in the two-
phase region. hp is taken to be zero at the bulk meniscus and
hp~0 indicates the right-hand branch of coexistence curve.
The line indicates incident light and reAected light. 8;„,denotes
the angle of incidence.

teresting findings is that when the long-range liquid sub-

strate interaction favors a change in the order parameter
(chemical concentration) in the same direction as Hi and
for T & T, complete wetting may still result. In this
case, as the system approaches the bulk coexistence curve,
the wetting-layer thickness h grows as h ~H 'i, where
nonretarded and retarded van der Waals forces give q =—,

'

and 4, respectively, in analogy to gas adsorption on a
solid. "' ' On the other hand, if the long-range liquid-
substrate interaction is opposed to the surface field H„
complete wetting is suppressed, resulting in a finite
wetting-layer thickness; see also Ref. 3(e). In reality, even

when the system is completely wet the layer thickness
may not be on the order of the sample-cell size A.s point-
ed out by de Gennes ' ' and Lipowsky, 3's' an infinite
wetting-layer thickness can be destabilized by gravity. In
the gravity-thinned wetting system, assuming that there is
no stirring as shown in Fig. 2(b), the wetting-layer thick-
ness h at bulk coexistence is given by ' ' 's'

h =(2WihpgL) i,
where 8' is the Hamaker constant, hp is the mass-density
difference of the two phases, g is the acceleration of gravi-
ty, L is the height of the lower phase [see Fig. 2(b)], and q
is given as above. Along the same lines, Dzyaloshinskii
et al. 3'"' calculated the long-range interaction of a layered
system based on quantum fiuctuations. According to
their theory, the long-range force can be deduced from the
electromagnetic absorption spectra of the components of
the wetting system.

On the experimental side, many interesting properties
of wetting systems have been revealed. In the paper by
Kwon et al. " the wetting of a vapor "substrate" by
binary liquid mixtures was examined. Here, the wetting-
layer thickness was measured by ellipsometry. Using a
slab model they found that the wetting-layer thickness
varied from 7 to 40 nm. Their experiment was consistent
with the power-law behavior h ~L ' . In the ellip-
sometric observations of Schmidt and Moldover, ' ' a wet-
ting transition was discovered at the liquid-vapor interface
of a mixture of C7Fi4 and C&H7OH. Wetting layers be-
tween 35 and 50 nm thick were observed. In an indepen-
dent paper Beaglehole+" reported a "dewetting" transi-
tion at the liquid-vapor interface of cyclohexane and
methanol. Complete wetting on the liquid-vapor interface
occurred only when a small amount of water was added to
the system. By increasing the water concentration, the
dewetting temperature T,„was shifted to as far as 1 K
below the bulk transition temperature T, . Ross and
Kornbrekke '"' also observed dewetting in contact-angle
measurements of three different binary liquid systems.
Dewetting was found for all the systems when the tem-
peratures were close to T, . In Ref. 4(d} contact angles be-
tween the bulk liquid meniscus and the solid boundaries
became 90' upon approaching the critical point, instead of
0' or 180, as predicted by Cahn's theory. "' In these
studies the dewetting temperatures T„(defnedias the
temperature at which the contact angle extrapolates to
90'} varied from 30 to 90 mK below T, . Wetting on a
solid boundary was also studied by Moldover and
Gammon. ". They employed an interferometric tech-
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TABLE I. Sample parameters. See text for uncertainties.
Trajectory 1 is for cell no. 2.

Trajectory

Carbon
disulfide
volume
fraction

0.6014
0.7333
0.3986

Total
volume

(ml)

3.326
3.409
4.254

Bulk
transition

temperature
('C)

63.264
62.089
62.383

nique to measure the wetting-layer thickness of a one-

component fluid, SF6, as a function of both the tempera-
ture and the spatial separation of two optically fiat boun-

daries. Their results can be roughly expressed by saying
that close to the bulk critical point the wetting-layer
thickness varied as h ~(T,—T) . The wetting layer
became as thick as 700 nm when the temperature was 2
mK below T, . No dewetting was found for this liquid-
solid system. In a careful experiment performed by
Kayser, Schmidt, and Moldover ' ' the same liquid system
was studied with a simpler geometry, i.e., a single vertical
substrate. From ellipsometry measurements they found
that the wetting-layer thickness was considerably smaller
than in the experiment of Moldover and Gammon. The
new results were in quantitative agreement with the
theory of Dzyaloshinskii et al. '"' At the same time, they
reported the discovery of dramatic temperature-gradient
effects and local laser-heating effects for this one-

component system. Wetting on a single vertical glass
plate in binary liquid mixtures was also reported by
Law. +s' A thick wetting layer of about 200 nm was
found for a cyclohexane-aniline system. For his
cyclohexane-methanol system it was even thicker. Re-
cently, Beysens and Esteve have observed aggregation
phenomena of silica spheres in the water + 2,6-1utidine
system which may suggMt a prewetting transition. ""

In our experiment we combined an acid treatment and
vacuum baking to produce glass substrates with hydroxy-
lated surfaces which were attractive to the nitromethane-
rich phase (as seen in our earlier critical adsorption mea-
surements, Hi &0 in this case). As is schematically
shown in Fig. 2(b), in the present work we studied the
horizontal wetting layer at the bottom of the sample cell.
Three thermodynamic trajectories were chosen for this ex-
periment, as shown in Fig. 2(a) and detailed in Table I.
Along trajectory 1 the system approached bulk coex-
istence with the bulk field H (=EIJ, b,p, )=0 (where b—p
is the difference in the chemical potential per molecule of
the two components and c denotes the critical point. We
take A!~, =0 to simplify notation) at the bulk meniscus,
but H=6,po:dygL &0 at the bottom of the cell. Be-
cause of this gravity field the thermodynamic trajectory
of the bottom of the cell was pushed away from bulk
coexistence, as shown in the inset of Fig. 2(a). Using a
classical Landau-Ginzburg free energy for the bulk sys-
tem, we calculated the deviation to be & 10 s K in tem-
perature. It is sho~n by Kayser, Moldover, and Schmidt'
that if we take the stirring into account the deviation is
another factor of 10 i smaller. Along trajectory 2 the

system approached coexistence with H =by ~0 (in the
single-phase region the system was now richer in carbon
disulfide than it was on trajectory 1). For trajectory 2 the
bulk field H went to zero linearly with temperature as the
coexistence curve was approached (see Appendix A).
Along trajectory 3 the system was richer in nitromethane,
corresponding to H =hp & 0 in the single-phase region.

Very different wetting behavior was discovered along
these three trajectories. By measuring the reflectivity of
the liquid-solid interface at the bottom of the cell we find
the following: (1) Complete wetting is not a simple con-
tinuation of adsorption near the bulk critical point. While
a short-range substrate-liquid interaction is sufficient to
explain critical adsorption, a long-range substrate-liquid
interaction plays an essential role for complete wetting. A
dewetting transition is found between 60 and 150 mK
below T, . (2) The thickness of a wetting layer in the
single-phase region off the critical concentration is
governed by a van der Waals force. (3) We show that gra-
dual temperature gradients and local laser-heating effects
are not as severe as in the one-component system of Ref.
4(f).

Our observations are consistent in several qualitative
respects with the earlier work discussed above. +'
However, the absolute thickness of the wetting layer pro-
duced at coexistence is considerably greater than that seen
in certain other gravity-thinned experiments. " "' ' ' It
is also thicker, as is discussed below, than the theoretical
value expected for a nonretarded van der Waals force.
Kayser et al. ' give an explanation of how this can arise
via the effect of sample stirring, which effectively lowers
the position of the bulk-liquid —liquid ineniscus for trajec-
tory 1, therefore decreasing L in Eq. (1). Along coex-
istence (trajectory 1), mixing attenuates the effect of gravi-
ty by transporting nitromethane-rich material from the
upper liquid phase to the bottom of the cell. Off coex-
istence, in the bulk one-phase region (trajectories 2 and 3),
there is no high-density reservoir of nitromethane, since
the bulk sample is homogeneous. Therefore, we assert
that the wetting behavior observed off coexistence (trajec-
tories 2 and 3) corresponds to that which would be en-
countered in a gravity-free environment.

This paper is organized in the following way. In Sec. II
experimental techniques are discussed, including descrip-
tions of sample preparation, experimental setup, and
methods, and in Sec. III data analysis and interpretations
are given. The final section contains our conclusions.

II. EXPERIMENTAL TECHNIQUE

A. Sample preparation

As shown in Fig. 2(b), the sample cell consisted of an
optical-quality borosilicate glass prism, a Pyrex glass
cylinder, and a stainless-steel top plate. Indium gaskets
were used as seals. All stainless-steel joints were welded.
The sample was sealed, as in Fig. 2 of Ref. 2(b), with a
stainless-steel fitting and an aluminum gasket. We fol-
lowed standard cleaning procedures for glass parts and
stainless-steel parts. " For glass parts we used chromic
acid first and then proceeded with boiling and rinsing
with distilled water followed by acetone and methanol.
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For stainless-steel parts we used 35 vol%%uo nitric acid, then
rinsed them with distilled water thoroughly. All parts
were dried by vacuum baking at 170'C for 12 h, in order
to remove physisorbed water. The sample cells were as-
sembled and filled with liquids in an argon dry box.
99+ %-pure nitromethane and carbon disulfide ' ' were
used without further purification. The critical samples
(trajectory 1) typically had a bulk transition temperature
of T, =63.2+0.2'C (uncertainty due to variation between
samples), consistent with our other experiments (the same
visual technique was used), but about 1.2 K higher than
the measurements of Gopal, et a/. " This discrepancy is
possibly due to small amounts of impurities present in our
samples. An overall T, drift of about + 2 mK/d was ob-
served in the samples with the critical concentration. In
order to understand this drift, we measured T, as a func-
tion of time in critical liquid samples sealed in glass am-
pules along with pieces of stainless steel. T, drifts com-
parable to that seen in our wetting cells were observed,
while no significant drifts were seen for pure liquid mix-
tures. We therefore suggest that the T, drifts seen in our
wetting cell were due to slow chemical reactions of liquid
mixtures with the stainless-steel components. Near the
critical point, these trajectory-1 samples showed a bulk
meniscus which remained at the center of the cell (~0.1

mm change) as the samples were lowered in temperature
below the transition temperature, indicating that the con-
centrations were close to critical. As seen in Table I, the
off-critical samples were prepared with the bulk transition
temperature T' being about 1'C below T, .
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substrate, continuously stirred the liquid at a rate between
1 and 5 Hz during the observations.

The index of refraction of the carbon-disulfide —rich
( C') phase at T & T, was determined by heating the sys-
tem rapidly (about 70 mK/min for temperatures a few de-
grees below T, ), so that the wetting layer was burnt off
and the glass substrate was in direct contact with the C'
phase. The index of refraction for T & T, was found at
fixed temperature for high temperatures, where no signifi-
cant critical adsorption occurs "' ' [see Fig. 3(a)].
These two measurements of the bulk background reflec-
tivity gave consistent values for the bulk index of refrac-
tion at the critical point.

As stated above, we performed our experiments with
three different overall chemical concentrations, which
correspond to the three trajectories shown in Fig. 2(a).

B. Apparatus

The basic experimental setup is similar to our earlier ex-
periments, with the temperature regulated by an im-
proved water bath. Temperature stability was better than
0.2 mK/week. Our thermistor thermometry was au-
tomated by a computer-balanced ratio transformer bridge
and had a temperature resolution of 0.1 mK. The reflec-
tance was monitored automatically by the same computer.
Our reflectance stability at the maximum reflectance was
0.3%/d. The light source was a 1.8-mW He-Ne laser
which projected a 1-mm-diam beam on the sample cell.
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C. Experimental methods

The reflectivity measurement was performed using
frustrated total internal reflection, i.e., the electromagnetic
wave inside the wetting layer is an inhomogeneous wave
(the E field decays exponentially normal to the surface),
while in the rest of space it is a traveling wave. This re-
quired an angle of incidence in the neighborhood of the
critical angle (78' for our glass substrate with index of re-
fraction nsi~ ——1.51509, as quoted by the manufacturer).
For calibration purposes, we measured the maximum re-
flectance by quenching the system deeply into the two-
phase region. The quench-formed wetting layer then gave
a saturation of the reflectance, which we took to corre-
spond to 100%%uo reflectivity. The experimental data were
taken by monitoring the reflected light constantly until it
stabilized as in Fig. 1. A floating glass magnetic mixer,
which had a spacing of 1 to 3 mm between its tip and the
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FIG. 3. (a) Reflectivity along trajectory 1 (critical concentra-
tion). Incident angle is 1.347 rad. Open circles are the bulk
background measurements for T & T, and crosses are the bulk
background measurements for T &T,. Solid squares are the
wetting observations. See text for details on how background
measurements were obtained. Fitting lines are also discussed in
the text. (b) Reflectivity along trajectory 1 near bulk criticality.
Incident angle is 1.347 rad. The cusp is due to critical adsorp-
tion. The increase in reflectivity near T —T, = —0.15 K indi-
cates the growth of the wetting layer on the glass substrate with
decreasing temperature.
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IU. DATA ANALYSIS AND INTERPRETATION

To calculate the wetting-layer thickness along the three
trajectories, we used a two-parameter fit to the back-
ground reflectivity. For T & T, the indices of refraction
for the C' and N' phases were modeled as

n, , =no+AB
i
t

~

~/2, (2)

where the + sign is for the C" phase, the —sign is for
the N* phase, 8=1.64 is the order-parameter amplitude,
and P=0.32 is the order-parameter exponent. "' no and
A are fitting parameters, and r =(T T, }/'r, (T a—nd T,
in K} is the reduced temperature. As a check on the con-
stant term no, we modeled the index of refraction nl, s for
TQT~ by

Trajectory 1 was for the system at a critical concentration

q&, =y, =0.601+0.002 (defined by volume fraction of car-

bon disulfide) given by Ref. 5(c). Strong critical opales-

cence was seen as the system approached the bulk critical
point T, . Trajectories 2 and 3 were far from bulk critical-

ity, see Table I, in order to simplify the development of
the wetting layer as the system approached the coexistence
curve. These samples were prepared with an uncertainty
of less than 1% in y. We observed a strong indication

(precursor) of wetting with trajectory 2, but there was no

such precursor as the system approached the coexistence
curve along trajectory 3.

The wetting layer along trajectories 1 and 2 appeared to
be smooth at the center of the sample cell. Unlike wetting

at the liquid-vapor interface [see Ref. 4(a}],we did not ob-

serve pendant drops at our liquid-solid interface. We also
checked for wetting-layer irregularities for trajectory 1 at
70 mK below r, by repeating the reflectivity observations
with a range of detector angular acceptances ranging from
2.8 to 10.0 rnrad. Significant wetting-layer irregularities
would change the "reflectance" for these different sam-
plings of small-angle scattering. The laser collimation
was 1.3 mrad. Since no change in the reflectance was ob-
served with the various apertures, we conclude that no
significant small-angle scattering was observable, i.e., no
significant departures from a flat interface were noticed
over the spatial wavelength range 0.13 to 0.45 mm.

The bulk critical temperature was determined by visual
observation to better than 1 mK. The first-order bulk
transition temperature T' for trajectories 2 and 3 could
be determined to +10 mK by observing the bulk cloud
point. In analyzing our data, we used the maximum slope
in the reflectivity as an indication of the bulk transition
for trajectories 2 and 3. Within the experimental uncer-
tainties, this was in agreement with the cloud-point mea-
surements.

nbg =no —at (3)

where a is the bulk thermal-expansion coefficient. The
fits are shown in Fig. 3(a). These fits gave
no 1——.4854+0.0001 for r—T, & —0.15 K and no
=1.48539+0.00005 for T —T, &0.2 K. We extrapolate
these fits to the critical region to cover the entire tempera-
ture range of the experiment. A similar flt was applied to
trajectory 2, Fig. 5(a). All the results are listed in Table
II. The parameters can be compared with Lorenz-Lorentz
calculations, see Appendix B and Ref. 2(c), which are list-
ed in Table III. The calculation is based on knowledge of
the thermal-expansion coefficients of each individual
liquid. The agreement is excellent for a and A along tra-
jectory 1 and fair for a along trajectory 2. In what fol-
lows, we discuss our results for these three trajectories

A. Trajectory 1: Netting near coexistence
(critical concentration)

In this case, the system approached and followed bulk
coexistence with the critical concentration. Reflectivity
data are shown in Figs. 3(a) and 3(b}. By assuming a
symmetrical coexistence curve and using the above fitting
parameters (Table II) in Eq. (2), we reduced our reflectivi-
ty data to layer thickness with a dielectric slab model. It
should be emphasized that our measurement of the wet-
ting layer thickness for T —T, & —0.15 K relies on an ex-
trapolation of the fit to Eq. (2). Four distinct regions can
be identified easily from Figs. 4(a}—4(c).

W =m(eiin « e't, ns)(nc« —n—«)/12, (4)

where the n's are the number densities of each species (S
denotes substrate), eii is the liquid-liquid molecular in-
teraction parameter and eI, is the liquid-substrate molecu-
lar interaction parameter. For our system, assuming that
el, is the same as e~I and since n~) n, and n, & n ~

I Region (i.): T —T, & —3 X

The wetting-layer thickness is almost independent of
temperature. This is characteristic of the gravity-thinned
wetting predicted by de Gennes ' ' and Lipowsky. 'g' In
this temperature range, sample stirring caused the bulk-
liquid —liquid interface to wave, but did not break it up.
As suggested by Lipowsky, 's' we calculated the sign of
the Hamaker constant for our system using the long-range
part (I/r ) of a Lennard-Jones potential. Assuming that
the long-range interaction between any pair of liquid mol-
ecules is equal and that the long-range interaction between
either liquid molecule and a substrate molecule unit is
equal, then the Hamaker constant can be written as

TABLE II. Experimental parameters for bulk dielectric constants. See text for definitions.

Trajectory

0.6014
0.7333

1.485 39+0.00005
1.51726+0.00005

0.221+0.030
0.307+0.030

0.75+0.OS
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TABLE III. Lorentz-Lorenz calculation of bulk dielectric pa-

rameters. See text for definitions.

Trajectory

0.6014
0.7333

0.220
0.238

0.77
0.77

[see Ref. 7(a)], we have W&0. This implies that the in-

teraction between the liquid-liquid interface and the
liquid-substrate interface is repulsive, thereby favoring a
thick wetting layer. Also, because the mass-density and
number-density differences have the same temperature

dependence, Eq. (1) predicts constant layer thickness Ii,

independent of temperature. Qualitatively, our results

agree with this prediction of the long-range force theory
of de Gennes ' ' and Lipowsky. 's'

In order to estimate the wetting-layer thickness, we
evaluate the Hamaker constant according to a nonretard-
ed van der Waals interaction ' '. W=RG/16TT, where fico

is a characteristic energy for the electromagnetic absorp-
tion spectra of the three materials (nitromethane, carbon
disulfide, and borosilicate glass) involved. Since the ioni-
zation energies of the component elements are all less than
14 eV, we assert that fico ~14 eV. This, in turn, gives
W ~1.5X10 ' erg. We can apply Eq. (1) with a bp, the
density difference of the pure fiuids, of 0.14 gm/cm,
g=980 cm/sec, and I., the "physical" height of the C'
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FIG. 4. (a) Wetting-layer thickness calculated by the slab model for trajectory 1 (cell no. 2 at critical concentration). Triangles in-
dicate thickness according to the slab-model calculation. Uncertainties in thickness are derived from uncertainties in the reflectivity.
Crosses are discussed in (b). Circles indicate laser-heating tests with cell no. 3. Open circles indicate the measured thickness when the
laser power is reduced by a factor of 4. Solid circles are measurements with full laser power. The laser-heating data (solid circles) are
normalized to agree with the measurements for cell no. 2. (b) Wetting-layer thickness near bulk criticality for trajectory 1 (cell no. 2).
Triangles indicate thicknesses according to the slab model. Crosses are calculated by a hyperbolic-tangent dielectric profile with ef-
fective diffuseness equal to 4 times the bulk correlation length. Circles indicate laser-heating effects as in {a). {c) Semilogarithmic
plot of wetting-layer thickness versus the reduced temperature (cell no. 2). All the symbols are identical to those in {a). The dewetting
transition is clearly seen for T, —T=0.15 K.
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phase, equal to 0.82 cm. The resultant upper limit on )i,
140 nm, is considerably thinner than we have observed in
region (i). Therefore, we take the suggestion made by
Kayser er al. ' that stirring reduces the effective I. in Eq.
(1).

For trajectory 1 we tried three different cells, presum-
ably prepared under identical conditions, but we found
that in region (i) the layer thickness varied from 400 to
600 nm for the different cells. Each individual cell gave
reproducible results. We suspect that the discrepancy
could be a result of different stirring conditions between
different cells. The results displayed in the figures of this
paper are for our cell no. 2. Cell no. 1 showed a slight
discoloration after three months of observation and fits to
the bulk background reflectivity were not satisfactory.
We suspect that it had a leak. Cell no. 2 showed no
discoloration over the course of the experiment (more
than three weeks) and give excellent fits to the bulk back-
ground reflectivity as discussed above. Cell no. 3 was
used for about two weeks for experiments on gradual tem-
perature gradients and local laser heating effects, which
will be discussed next.

As reported recently by Kayser, Schmidt, and
Moldover, i ' sample temperature gradients arising from
gradual thermal inhomogeneities in the cell and local laser
heating can significantly change the wetting behavior of a
one-component liquid-vapor system. As these authors ex-
plain, when a temperature gradient perpendicular to the
substrate is applied, the wetting-layer thickness is deter-
mined by the balance between condensation and draining
effects. We checked for gradual temperature-gradient ef-
fects in region (i) by installing a pair of heating coils on
the top and bottom of the stainless-steel plates of the sam-
ple cell. These heaters allowed us to introduce a tempera-
ture gradient of about 1.0 mK/cm in either direction. A
differential copper-Constantan thermocouple pair was at-
tached to the outside wall of the sample cell. Without ap-
plied heat, the temperature gradient was &0.5 mK/cm
(measurement limited by the sensitivity of the thermocou-
ple) on the side wall of the cylinder. Removing the sam-
ple cell from the water bath, we were able to measure gra-
dients in the water bath with high sensitivity by using a
movable thermistor probe and a fixed quartz-thermometer
reference. This gave a gradient value &0.1 mK/cm.
Only a very small change, + ( —)3%, in layer thickness
was observed as we applied a temperature gradient of-
(+ ) 1 mk/cm in region (i) (where —represents a tem-
perature increase froin the bottom of the cell to the top of
the cell and vice versa). Since the gradient we applied was
much larger than that normally present in the system, we
conclude that gradual temperature gradients were not im-
portant in region-(i) measurements.

W'e did, however, find that laser heating had a notice-
able effect in our system. By using a pair of crossed po-
larizers to vary the incident laser power, we measured the
wetting-layer thickness in region (i) for different incident
light intensities. With a laser operated at full power (rat-
ed at 1.8 mW}, the wetting-layer thickness was about 10%
thinner than when the laser operated at —, of its full

power, as shown by the circles in Fig. 4(a). Upon further
decrease in light intensity, the wetting-layer thickness was

not affected. We checked for this by blocking the in-

cident laser beam for many hours, thereby allowing the

wetting layer to recover its steady-state thickness. Run-

ning the beam at —,
'

power, the initial reflectance upon ex-

posing the sample to light was compared with the mea-

surement after a period of 4 h. For the different tempera-

ture regions, no significant difference could be found be-

tween these two measurements, unlike the situation with

full laser power.
In exploring the lowest temperatures available in our

thermostat, we did not observe a transition from complete
to partial wetting in the system, even though the tempera-
ture was extended to 20 K below T, . Our equilibrium

capillary-rise measurements" with a hydroxylated sub-

strate show that the transition temperature is at least 14 K
below T, . Our nonequilibrium capillary-rise experiments

suggest that it is at least 73 K below T, if the transition
exists. This is to be compared with the discoveries of par-
tial to complete wetting transitions in binary liquid
mixtures by Pohl and Goldburg, ' ' Schmidt and

Moldover, + ' and Beaglehole, i' at approximately 15, 52,
and 34 K below T„respectively.

2. Region (ii): —200 mK& T T, & —9—K

As shown in Figs. 4(a) and 4(c), the layer thickness in-
creased as the system approached the bulk critical tem-
perature. The total increase of the layer thickness was
about 40%. A power-law fit in this region yields an ex-
ponent 0.55+0.20. Such an increase in layer thickness is
not uncommon. For example, Kwon et al. " and
Beaglehole" found the same behavior for wetting on a
liquid-vapor interface, and Moldover and Gammon "ob-
served such thickening for wetting on a liquid-solid inter-
face.

3. Region (iii) —150.mK & T T, & —200 m—K

As shown in Figs. 4(a)—(4c), the layer thickness
dropped rapidly in this temperature range to about half of
its low-temperature value [region (i)]. Since we were close
to bulk criticality, the slab model may no longer be a good
approximation. Following the suggestion of Widom, we
considered the importance of the enhanced thickness (dif-
fuseness} of the liquid-liquid interface near the critical
point. We employed a model for the wetting layer with a
classical hyperbolic-tangent profile for the dielectric con-
stant,

n (z) = I (n, +n, )+(nc, n~, )—
X tanh[2(z )i)/ng] —

I /2,

where ngis the width o'f the liquid-liquid interface. For
this particular profile, Huang and Webbs showed that if
one requires the perturbation far from the liquid-liquid in-
terface to fall off in an exponential manner with the decay
length proportional to the bulk correlation length g, then
n =4, i.e., the effective diffusive width of the liquid-liquid
interface should be 4 times the bulk correlation length. A
numerical solution to Maxwell's equations was used to
find the reflectivity exactly. The results are shown in
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Figs. 4(b) and 4(c). Since the deviations from the slab-

model calculation only appear significant as close as 20
mK below T„we conclude that the sudden drop in layer
thickness near T, —T=1SO mK is not due to critical in-

terface diffuseness. This result is reminiscent of
Beaglehale's ellipsometric reflected-light observations@"
and the contact-angle work of Ross and Kornbrekke. + '

Beaglehole called this liquid-mixture phenomenon
"dewetting. " It is characterized by the onset temperature
T,„(T & T„&T, ),where complete wetting was sudden-

ly suppressed. In our experiment, we found that dewet-

ting occurred at different temperatures, ranging from 60
to 150 mK below T, for different sample cells. We
suspect that the discrepancy is due to different stirring
conditions or differing small amounts of impurities in the
system.

Dewetting was interpreted by Beaglehole as arising
from capillary-wave fluctuations on the wetting interface.
This argument could be true for a thin wetting layer, such
as in Beaglehole's liquid-vapor interfaces, but for our
thick wetting layer is is not adequate. The nature of the
dewetting transition in our system is still unknown; it
might be due to the crossing of the prewetting line, which
results in a thin- to thick-layer transition [as painted out
by Lipowsky, this is the reverse of the behavior, a thick-
to-thin-layer transition, expected from Ref. 3(b)] or a hy-
drodynamic instability near the bulk critical point. A
third possibility is given by Lipowsky. ' The long-range
part of the free energy, U(h), can be expanded in inverse
powers of the layer thickness h beyond that given in Eq.
(A 1), Appendix A:

U(h) = ~)ih'+ W4ih" + (6)

Since 8'3~0 as T~T„ the higher-order terms may start
to dominate in the critical region. These higher-order
terms may cause the thinning of the wetting layer. At
present, there is no microscopic calculation for the expan-
sion coefficients, W„. More theory and experiment are
needed to test these possibilities.

4. Region (iu): 150 & T T, & —I50n)g—

This was a region of critical adsorption, Fig. 3(b). In
this experiment, in addition to the anomalous adsorption
of nitromethane molecules to the glass substrate for
T & T„as in Refs. 2(a) and 2(b), we have also observed
the anoinalous adsorption for T & T, . A clear cusp near
the bulk critical point indicated that the order-parameter
profile m (z) [=y(z) —(y), where ( ) indicates averaging
over the entire sample] near the wall decays rapidly, as
would be qualitatively expected from an exponential pro-
file with a decay length approximately equal to the bulk
correlation length.

In this region, for T &T„ the effects of local laser
heating are significant. Translating the reflectivity data
to layer thickness as shown in Figs. 4(b) and 4(c), the
change in the layer thickness is about 25% for the laser
operated at full power compared to —,

'
power. Since the

layer thickness is nevertheless small in region (iv) as com-
pared with regions (i) and (ii), we conclude that the dewet-
ting is a real effect.

In summary, for wetting near coexistence, as a function
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FIG. 5. (a) Reflectivity along trajectory 2, wetting off coex-
istence. Incident angle is 1.347 rad. Open circles are reflectivity
data upon cooling and solid circles are reflectivity data upon
heating. The line is the fit to the bulk background reflectivity.
T is the bulk transition temperature. (b) Wetting-layer thick-
ness calculated by the slab model for trajectory 2. Open circles
are cooling data and solid circles are heating data. The line is
the fit to the power law described in the text.

of increasing temperature, we find regions in which the
wetting-layer thickness for the stirred system is indepen-
dent of temperature, then grows with temperature and
then abruptly decreases with temperature. Closer to the
critical point, the divergent correlation length produces
critical adsorption. %e investigated noncquilibrium
thermal effects due to gradual temperature gradients and
local laser heatin, but unlike the situation in a one-

component fiuid, + ' these effects are not dramatic in our
system.

8. Trajectory 2: %'etting off coexistence

First of all, we did not sm a prewetting transition at
this particular concentration, "although the temperature
resolution was g 1 mK. It was noticed that in the bulk
one-phase region, the cooling data and heating data were
very consistent [see Figs. 5(a) and 5(b)]. Long relaxation
times, presumably due to hydrodynamic effects, seen in
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trajectory 1 along coexistence, were not noticed for trajec-
tory 2 (single-phase region}.

Since the transition temperature T' was far about (1.2
K) below T„we again used the slab model to calculate
wetting-layer thickness from reflectivity. A noticeable
layer started to build up at T —T'=2 K. A log-log plot
of layer thickness as a function of reduced temperature is
shown in Fig. 5(b). Asymptotically, the layer thickness as
a function of reduced temperature obeys the plotted power
law,

h =(2.7+0.3)[(T—T')/T'] ' +' nm,

with a rms deviation of 0.006 in the temperature range
T —T' ~ 0.035 K. As discussed below, the exponent ——,

'

is expected for a retarded van der Waals interaction be-
tween the liquid and substrate. Our data did not fit well
to this exponent for T —T'&0.3 K (which corresponds
to h & 20 nm). We expect that for wetting-layer
thicknesses which are much thinner than the wavelength
corresponding to significant electromagnetic absorption,
the force law should become nonretarded, '"' i.e., exponent
equal to ——, . However, in the range T —T' & 0.3 K, be-

cause of our inadequate knowledge of the index of refrac-
tion of a thin wetting film and the fact that the surface
signal became exceedingly small compared with the back-
ground uncertainties, only in a very small temperature re-
gion could the data be reliably fit to the power q = —,'.
The error bars in Fig. 5(b) were calculated based on the
uncertainty in the reflectivity measurements. It should be
noted that the exponent found above, for T —T' &0.035
K, is not sensitive to the way we modeled our dielectric
constant for the N' phase, which we assumed to have the
same thermal-expansion coefficient as the C" phase [see
Eq. (3) and Table II]. For the data shown in Fig. 5(b), we
assumed that the constant part of the wetting layer's in-
dex of refraction is chosen to agree with Eq. (2) on coex-
istence. If we take the index of refraction as a constant
for the X' phase, q only changes by about 3%.

Our approach to bulk coexistence experiment is analo-
gous to multilayer gas-adsorption-on-solid experi-
ments. '""'" ' In gas-on-solid experiments, if one
phenomenologically assumes ' ' a strong substrate (i.e.,
the long-range atom-substrate interactions are stronger
than atom-atom interactions) and p —p' ~ T —T', 's'

where p denotes chemical potential per molecule and e
denotes coexistence, then the thickness of the adsorbed
layer, h, behaves near bulk coexistence as

C. Trajectory 3: Nonwetting off coexistence

As shown in Fig. 6, we do not see a precursor of wet-
ting as for trajectory 2 in Fig. 5(a). This can be under-
stood by the fact that both Hi & 0 and H &0. '~' No sign
of increase in reflectivity means no surface enhancement
of X' adsorption or evidence for a "drying" transition
(wetting by the C' phase). The sudden dip in reflectivity
with decreasing temperature indicated bulk phase separa-
tion. At this point, the heavier C' phase was separating
from the background N' phase. At first, this new phase
formed many tiny droplets on the glass substrate, giving
rise to intense scattering of light from the surface. Unlike
trajectory 2, these droplets never spread out to form a
film; instead, they aggregated to form large droplets,
which eventually rolled to the corner of the cell. The re-
flectivity then recovered its initial high value.

IV. CONCLUSIONS

%e have observed gravity-thinned wetting by the
nitromethane-rich phase onto a borosilicate glass substrate
from a stirred binary liquid mixture of carbon disulfide
and nitromethane. From a theoretical point of view, such
a liquid state is energetically favorable for our system
along trajectories 1 (critical concentration) and 2 (carbon
disulfide surplus), because we have a contact surface field
with Hi & 0 [which attracts the nitromethane-rich phase,
see Refs. 2 and 7(a}] and a bulk field with H & 0. For tra-
jectory 1 (critical concentration), gravity provided H&0
at the point of observation. For trajectory 2 (carbon disul-
fude surplus) H &0 throughout the sample while the sys-
tem is in the single-phase region ( T & T }. This is as re-
quired by the Nakanishi-Fisher phase diagram. i' ' If the
long-range substrate-liquid force, which favors wetting by
the nitromethane-rich phase, is also considered, our sys-
tem should again have a N'-phase wetting layer. On the
other hand, when the system has H &0, as in trajectory 3
(nitromethane surplus) for T & T', no wetting
phenomenon is observed as expected from the Nakanishi-
Fisher phase diagram.

Sample stirring plays an interesting role in these experi-
ments. At bulk coexistence, stirring allows us to achieve

(7)

where, in general, 8(T) is a nonsingular, temperature-
dependent quantity, q = —,

' for a nonretarded force, and

q =
4 for a retarded force. For a binary liquid mixture

off the critical concentration, a similar dependence of
wetting-layer thickness on temperature is expected, as
shown in Appendix A. We conclude that our thick
wetting-layer observations of the approach to coexistence
for T —T' &0.035 K are in good agreement with a re-
tarded van der Waals force model for the substrate-liquid
interaction.

Vo
~I

aO

Cl
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Cb
C) -2

T-T' (OC)

FIG. 6. Reflectivity along trajectory 3, nonwetting off coex-
istence. Incident angle is 1.301 rad.
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wetting layers which assume a steady-state thickness after
abrupt changes in the wetting-layer thickness due to heat-

ing or cooling. These changes have relaxation times as
long as a day. Kayser et a/. point out that stirring facili-
tates the formation of this wetting layer by transporting
material into gravitationally unfavored regions. For our
wetting observations in the bulk single-phase region, the
relaxation times are short, so that recovery periods are un-
necessary. Since the samples are homogeneous in the
bulk, stirring apparently maintains an effectively gravity-
free system.

In conclusion, our experiments show the following: (i)
At bulk coexistence, complete wetting is not a simple con-
tinuation of critical adsorption. For example, dewetting is
found near bulk criticality. (ii) Again at bulk coexistence,
far away from the bulk critical point, the wetting-layer
thickness is 400—600 nm. This remarkably thick wetting
layer may be a result of stirring, ' which greatly reduces
the effective bulk gravity field. (iii) In the single-phase re-
gion off the critical concentration, the system abeys a re-
tarded van der Waals force for thicknesses greater than 20
nm with an exponent of temperature dependence
q=0.258+0.020 [see Eq. (7)], in agreement with the
theoretical predictian q = —,

' .
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APPENDIX A: EFFECTIVE BULK FIELD
FOR A NONCRITICAL TRAJECTORY

bulk coexistence. ' ' In the case of ideal-gas mixtures, H
can be evaluated exactly, '

H =k~(T T—')ln[(Mi/Mi) P2/&i], (A2)

with q=1/(1+cr). For a nonretarded van der Waals
force, a=2, and for a retarded van der Waals force

3 3[g&,3(h)

APPENDIX B: EVALUATION
OF THE THERMAL-EXPANSION COEFFICIENT

OF THE OPTICAL DIELECTRIC
CONSTANT

In order to relate the thermal-expansion coefficient of
the optical dielectric constant for our binary liquid mix-
ture to that of each individual component, we use the
Lorentz-Lorenz relation'

f(e)=f(&N )+pff (&c) f (&N )] ~— (Bl)

where EN, Ec, and e are the optical dielectric constants of
pure nitromethane, pure carbon disulfide, and the mix-
ture, respectively, and p is the local volume fraction of
carbon disulfide.

The function f(x) is given by

f(x)= (x —1)/(x +2) . (82)

Dielectric constants are related to refractive indices by
e=n =(no at) for a —mixture, where no is a constant.
Similar relations hold for each component. Here t is tak-
en as the reduced temperature for the binary liquid mix-
ture. In our case t =(T—T, )/T„with T, =336.5 K. By
performing a linear. approximation for the small thermal
expansion over the range of temperature of our observa-
tions, we have

where Mi and M2 are the molecular weight of the first
and second components, I'~ and I'z are the partial pres-
sures of the first and second components, respectively,
and ka is Boltzmann's constant. Minimizing the surface
free energy of (Al) with respect to h, we have the equih-
brium layer thickness as a function of temperature:

(A3)

Following Lipowsky's suggestion, we calculate the sur-
face free energy F, with classical Landau-Ginzburg free-
energy density in an external field H Alinear expa. nsion
with respect to H gives

ag(n) =aNg(nN) 0[aNg(nN) —acg(nc)], —

where the function g (x) is given by

(B3)

Fg 2y'Hh + W/h—— (Al) g(x)=x/(x +2)2 . (B4)

where y' is the order parameter at the transition tempera-
ture T', h is the wetting-layer thickness, H is the bulk
field, and 8' is the Hamaker constant. For a binary
liquid mixture, H measures the closeness of a system to

Using thermal-expansion coefficients for aN and ac from
Ref. 6, we find a =0.22 for a critical mixture (traectory 1,
yi ——0.601) and a=0.24 for one noncritical mixture (tra-
jectory 2, y2 —0.733).
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