
VOLUME 43, NUMBER 8 PHYSICAL REVIEW LETTERS 20 AUGUST 1979

07—

0.5—
% N

I iit
C

I.O—

O. I

0.000 I

i ~ ee

I

0.00 I

I

0.0 I

~ Q QiO y P Q 4\)lip ~ \g/IO W4 ~ 0 OQ ~ ~ ~ ~

I

O. I

evidence of interdimensional crossover and of
2D scaling in Ising fluids. Finally, the scaling-
theory requirement that a late of corresponding
states exist for films is verified for our system.

This work was supported in part by the U. S.
Department of Energy under Contract No. DE-
AS02-76K R02203.
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in the scatter of our data.
In conclusion, coexistence curves have been

determined for films of 2, 6-lutidine+water near
its lower critical point. We find that for L ~ 6

p m the films crossover from a SD to a 2D re-
gime. The P, result is in excellent agreement
with experimental values found for bulk binary
fluid systems and with latest renormalization-
group estimates. " p, agrees with the value s for
the 2D Ising model. This represents the first

FIG. 2. Smoothed plot of e2 3b, n(1', L) vs «2, and

(inset) log-log plot of same quantities. Each plotted

point is the average of 10 of our 1300 data points for 23

distinct film thicknesses. Although averaging reduces
the apparent scatter of the data, the residuals of the in-

dividual data from the mean behavior are not systemati-
cally dependent on film thickness.
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Refractive-index coexistence curves for films of the binary Quid mixture 2, 6-lutidine
+ water are analyzed. The critical-temperature-shift exponent and the crossover-temp-
erature exponent agree weO with scaling-theory predictions. The two-dimensional coex-
istence-curve amplitudes are largely consistent with the scaling prediction. The pre-
dicted behavior is superimposed on systematically displaced coexistence curves. We
argue that the displacement arises from interaction between the Quid and the plane mir-
rors which confine it.

It has been shown' that coexistence curves for
films of the critical binary mixture 2, 6-lutidine
+water exhibit a crossover from one universality

class to another. The crossover, between three-
dimensional (SD) and two-dimensional (2D) Ising-
model scaling, occurs when the 3D correlation
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length $ becomes comparable to the film thick-
ness I,. The result is in accord with the scaling
theory treatment of such films. The scaling the-
ory also provides several predictions which de-
scribe how the critical temperature, crossover
temperature, and coexistence-curve amplitude
depend on film thickness. The purpose of this
Letter is to show that these predictions are veri-
fied by the experimental coexistence curves pre-
sented in Ref. 1. We will also introduce new data
in evidence of an effect due to the presence of the
interferometer mirrors bounding the fluid films.
This effect amounts to a displacement in temper-
ature of each film's coexistence curve by an
amount dependent on its thickness. We conclude
that the experimental curves can be understood
as follows. Their internal structures confirm
scaling theory predictions for fluid films, while
the displacement is the result of film/boundary
interaction.

To accomplish our first purpose, we will treat
the numerical results of Ref. 1 as data. Specifi-
cally, the data for each of the films are the film
thickness I, the coexistence-curve parameters
for the 3D domain [T„(L), p„A,], and the anal-
ogous parameters for the 2D domain [T„(L),P„
A, (L)].' The 3D and 2D parameters were deter-
mined from the coexistence-curve data by the
analysis procedures detailed in Ref. 1.

The data are to be compared to scaling-theory
predictions which are power laws in the film
thickness. These arise because each film's finite
thickness bounds the growth of the correlation
length in one dimension. This constraint is pre-
dicted to result in a shift or change of the critical
temperature given by

T„(L)—T„(L)=KL "", K const

The amplitude of the coexistence curve for the

2D domain should depend on the film thickness:

A, (L) =EL ~2 83~'" E const. (2)

We locate the crossover by defining the cross-
over temperature T„(L) as the temperature of in-
tersection of the 2D and 3D portions of a coexis-
tence curve [Eqs. (1) and (2) of Ref. 1]. Then the
width in temperature of the 2D domain is predict-
ed to be

T„(L)-T„(L)=PL "", J const,

while the equation

T„(L)—T 3(L) =ML ~~", M const,

(3)

embodies our expectation that crossover should
occur when g becomes comparable to L. The
derivation of Eqs. (1)-(4) also provides the rela-
tion among the coefficients,

E =A, (J+K)ss/J'82.

The numbered equations define what we call the
internal structure of the coexistence curves.
Aside from the fact that they allow for possibly
different extrapolated 3D critical temperatures,
where $ diverges, they are the same as the free-
film equations of Fisher. ' The internal structure
they predict is identical to the free-film predic-
tions. In accord with the foregoing definition of
the crossover temperature, we generated the ex-
perimental T„(L) datum for each film as the in-
tersection of the fitted coexistence curves of the
2D and 3D domains.

We performed weighted least-squares analyses
of the data for each of Eqs. (1), (3), and (4). The
results are shown in Table I. Most significantly,
the critical-temperature-shift exponent [Eq. (1)]
and the crossover-temperature exponents [Eqs.
(3) and (4)] are nearly equal and agree quite close-
ly with the renormalization-group value4 0.630

TABLE I. Best least-squares fits with power laws in film thickness L, in mi-
crometer s.

Number
Temperature difference of data

(k) points Coefficient (Exponent) ' H,educed X2

T. (1) -T. (L) tZq. (1)l
Tx (L) -T~2(L) [Eq. (3)l

T„(L}-T,(L) jEq (4)]
T„(L)-T,( ) (Al;)
T-,3(L) -T, (~)

(dielectric mirrors)

28
28
28
43

-0.24+ 0.08 (0.81+ 0.09)
- '

-0.0129+ 0.0012 0.64+ 0.09
0.0264+ 0.0016 0.61+ 0.06
0.0127+ 0.0010 0.66+ 0.06

O. 047+ 0.002 (0.80~ 0.08)
- '

2.05
5.30
1.68
6.76

8.59
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for v. We conclude that our experiments support
these scaling-theory predictions. As to the coef-
ficients of the same equations, we find that ~K~

=M and J'/M = 2 within our precision. Both re-
sults indicate that T„(L) is quite near the middle
of the 2D domain. The crossover is expected to
occur when g becomes comparable to L. If we
express this as L =m$ and use Eq. (4) to elimi-
nate L we find that m =M" /)oT„"(L), where go is
the correlation-length amplitude. Using the ex-
perimental determination' $o = 2.9 A for 2, 6-luti-
dine+water we find that m =4",. We should, of
course, use the two-phase correlation-length
amplitude $o', but no experimental determination
has been made. Tarko and Fisher' have calcu-
lated that go/$o'= 1.96 for the second-moment
correlation length, while Fisher' has argued that
$o/go'= l.5 for the true range of correlation. The
use of either of these would produce values for m
larger by the factors cited. The large scatter in
our data near crossover prevents us from reach-
ing conclusions regarding the sharpness of cross-
over.

We are unable to confirm the 2D amplitude pre-
diction of Eq. (2). We can determine a value for
E from experimental quantities via Eq. (5). Use
of this result and predicted exponents in Eq. (2)
enables us to "predict" A, (L). All ten films for
L &2.2 pm are randomly but rather widely scat-
tered about the predicted line. Seven films of
greater thickness also cluster about the line, but
eleven films for L & 2.2 pm show A, (L) values
which are larger than the prediction by 25-60%.
The majority of the data are consistent with the
scaling prediction, but we are unable to account
for the large values of the remainder. Thus we
cannot confirm the prediction, despite our belief
that it is very likely correct.

We can also examine the behavior of T„(L).
For a free film we would expect T„(L)=T,(~) for
all L, where T,(oo) is the critical temperature of
a bulk (L- ~) sample of the critical binary mix-
ture. Our experimental films, on the contrary,
are bounded by the interferometer mirrors and
can interact with them. Since such an interaction
could conceivably displace the 3D critical temper-
ature, there is no a priori reason why T„(T)
should be constant. In fact, the experimental
T„(L) do vary with the film thickness.

All 82 films show a displacement ~T„(L)
-T,(~)). The three thicker films (L= 14 pm)
show the displacement but no crossover. To de-
termine the scope of the displacement phenome-
na, we made eleven more determinations of

T„(L)for 6 &L & 182 pm. These determinations
amounted to beginning in a film's one-phase re-
gion and raising its temperature in 1- or 2-mK
steps. When phase separation was visually ob-
served, the phase-separation temperature (PST)
was known to + 1 mK. We take these PST as 3D
critical temperatures, T„(L), since (1) T„(L)
and T„(L) are experimentally unresolvable for
these thicker films, and (2) PST determined for
the original 32 films showed very good agree-
ment with the critical temperatures determined
by numerical analysis.

All eleven PST show the thickness-dependent
displacement. We combined these with the other
$2 T„(L) and performed least-squares analysis
of the 43 total data. This showed that the dis-
placement is reasonably well described by a pow-
er law in film thickness:

T 3(L) —T (~) =(0.047+0.002)L ( ' ~o'os).

The fact that the displacement exists independent-
ly of crossover suggests the hypothesis that it
arises from a film/mirror interaction.

We found further evidence for the hypothesis by
changing the mirrors. The data so far discussed
were collected from films bounded by silvered
mirrors. We also determined 32 PST's for films
bounded by dielectric material. These mirrors
consisted of multilayer dielectric mirrors over-
coated with SiO, . The films had thicknesses be-
tween 8 and 272 pm. Their critical temperatures
were also displaced from T,(~) in an L-dependent
manner. Least-squares analysis establishes that

T 3(L) T (~) (0 24~0 08)L-(o.so+o.o )

for these films. Comparing this result to that for
the Ag mirrors we see the following. The power-
law exponents appear to be equal for the two
kinds of mirrors, but changing the mirrors ma-
terial changes both the direction and size of the
3D criti cal-temperatur e displacement These re-.
sults are depicted in Fig. 1.

The foregoing is clear evidence for the role of
a film/mirror interaction underlying the coexis-
tence-curve displacements. However, the effects
arising from the constraint on $ are evidently in-
dependent of the interaction. This is true insofar
as P„P„and A, have the expected values which
are independent of L, and to the rather extensive
degree to which the coexistence curves' internal
structures verify the scaling-theory predictions.

A previous study of binary-fluid-film critical
behavior was reported by Jacobs, Mockler, and
O' Sullivan. ' They examined the mixture methanol
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FIG. 1.' Plot of ln[T 3(L) Tc3( )l vs lnI- for Ag mir-
rors (upper panel); plot of ln[T~3(~) -T„(L,)) vs lnL for
Si02-overcoated dielectric mirrors (lower panel).

+ cyclohexane and developed a forerunner of the
apparatus and experimental technique employed
in the present work. In light of our experience
and results with 2, 6-lutidine+water we are un-
able to reach the same conclusions they reported
regarding their data. There are not enough data
on methanol+ cyclohexane to resolve several is-
sues. For example, the film-sample preparation
procedure they described was inadequate for our
experiments, because it yielded irreproducible
critical temperatures. Its adequacy for methanol
+ cyclohexane was not demonstrated, since no re-
producibility checks were run. Thus the loga-
rithmic critical-temperature shift which they re-
ported is of uncertain validity. The balance of
their analysis is also open to question, since it
relies on the reported critical-temperature-shift
relation. %e believe that more extensive studies
are needed to fully elucidate the critical behavior
of methanol+ cyclohexane films.

The film-preparation techniques used in the
present experiments led to considerably reduced
scatter and much greater reproducibility of 'criti-
cal temperatures. %e believe, however, that
small variations in film composition from sam-
ple to sample are still the most important source
of experimental error and are probably the major
source of the large reduced y' values shown in
the table.

In summary, we have studied finite-size effects
in films of the critical binary fluid mixture 2, 6-
lutidine+ water. Our data can be understood as
the superposition of two effects. The first arises
as the result of a film/mirror interaction. It
amounts to a simple displacement or translation
in temperature of entire coexistence curves. The
second effect has its origin in the fact that the
films' finite thicknesses constrain the growth of
the correlation length. Our results provide the
first verification in an Ising fluid system of the
scaling-theory predictions for the critical-tem-
perature-shift and crossover-temperature expo-
nents arising from the constraint. The prediction
regarding the 2D amplitude exponent receives
tentative support.
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