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The amplitudes of the correlation length (go+, go ) and ($0) on the critical isotherm, the
susceptibility (C,C ) and (D) on the critical isotherm, the order parameter (8), and the
specific heat (A+,A ), have been obtained for eight binary fluids in the homogeneous

(+ ) or the heterogeneous region (—). All the values have been inferred using the univer-

sal values of critical exponents. An accurate approximation for the correlation function,
which however does not include corrections to scaling, has been used to deduce go+ and
C+ from light scattering measurements. Spectral analysis of the scattered light allows

absolute values of C to be obtained from the Rayleigh-Brillouin ratio without any as-
sumptions concerning the Rayleigh factor expression. The critical anomaly of the refrac-
tive index has been used in several cases to estimate the specific-heat anomaly. Values
have been obtained for height amplitude combinations, A +/A, C+/C, go+ /go,
R+=A+C+/B', Rz+ =C+DBs ', R&+=go+ (A+)' ', R&+(R~+) ' '=(0+(B'/C+)' ', and

Q2 ——(C+/C, )(go/go+ ). The universality of these ratios is well supported, and the values

found are in agreement with those given by the high-temperature series and the
renormalization-group approaches. The experimental values of C+/C and R~+ are
found to be closer to the renormalization-group prediction.

I. INTRODUCTION

In the field of phase transitions, particular atten-
tion has been paid over the last ten years to the ex-
ponents involved in the scaling laws which describe
the asymptotic behavior of any system near the
critical point. These exponents have been shown'
to be universal for any given class of systems:
they are functions only of the dimensionality of
the physical space and of the number of the com-
ponents of the order parameter. However, some
recent theoretical and experimental works
have also been devoted to the universal relation-

ships connecting the leading amplitudes, and to the
amplitudes of the correlations to scaling. '

This paper is concerned only with binary fluids,
which belong to the same class as the three-
dimensional Ising model. From an experimental
point of view, numerous data can be found con-
cerning critical exponents, "' but the measure-
ments of both the amplitudes and the corrections
to scaling are very scarce. Moreover, most of these
measurements suffer from a lack of accuracy
which prevents any conclusions from being made.
Apart from the accuracy of the measurements, the

most important possible origin of errors is the high
sensitivity of both the amplitudes and the critical
temperature T, to any impurities, which however
do not greatly affect the values of the exponents.
Therefore the chemical purity of the system is very
important, and any possible contamination during
the experiment must be avoided. As far as possi-
ble, the different amplitudes should consequently
be measured in the same sample.

The purpose of this paper is to evaluate the criti-
cal amplitudes required for the calculation of some
of the universal amplitude relationships. The
values of these amplitudes are inferred from both
new measurements and new analyses of old mea-
surements. Eight binary mixtures have been inves-

tigated, and only the leading static amplitudes are
considered here. Further papers will be devoted to
dynamic amplitude relationships and to scaling
corrections.

Section II of this work presents a rapid survey
of the theoretical situation. Section III is con-
cerned with the determiriation of the correlation
length and of the susceptibility, including new
data and analyses by turbidity measurements and
Rayleigh-Brillouin ratios. Section IV is devoted to
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the specific-heat amplitudes. New analyses of
calorimetry and volume measurements are provid-.

ed, and new data concerning refractive index mea-
surements are given. Section V deals with the or-
der parameter, for which new analyses of existing
data are performed. Finally, in Sec. VI, all previ-
ous results are used to calculate some of the lead-

ing amplitude ratios. In order to simplify the
reading of this paper, the presentation of the exper-
imental aspects of this work is given in a number
of appendices.

II. THEORETICAL BACKGROUND

X'-=C'-t-r(1+ax-'t + )+Ex, (3)

where gz is a possible regular contribution which
has not been evidenced. y=1.240 (Refs. 1 and
17—19) is the corresponding universal exponent.
Typically kn T,C '= (Bp ldc)z r 50 200 —J cm
ar-+ is generally not visible. As for g, light scatter-
ing techniques allow X to be obtained.

where p is the difference between suitable cheinical
potentials of the components, p is pressure, kn is
the Boltzmann constant, and i is the "proper" con-
centration (see below):

The quantities which have been experimentally
determined are the correlation length, the suscepti-
bility, the order parameter, and the specific heat.
For all these above quantities fJ(t), the behavior
versus the reduced temperature t =

~
(T T, )/T, —

~

(T=T, is the critical absolute temperature) can be
described near T, as

C. Specific heat C~;

The specific heat at constant pressure and con-
centration corresponds in binary fluids to the
specific heat at constant volume in pure fluids, and
exhibits the same weak divergence with the ex-
ponent a=0.110 (Refs. 1 and 17—19):

fj+-(t) ~, o+ ——fp(0)t J(1+a/Jt + . . )+fj-+tt .

+ ( —) denotes the homogeneous (heterogeneous)
region. AJ are critical exponents, fj(0) are the cor-
responding leading amplitudes, a~& are the ampli-
tudes of the first-order correction-to-scaling contri-
butions with critical exponent 6=0.50, and f/)
represents the nonsingular terms.

t (1+aa;t + ~ )+Cn . (4)
8

Generally a large regular part is found in binary
fluids. Most experiments did not report
correction-to-scaling terms. The value of A can
vary by a factor of 20, from 0.5 to 10(X 10
cm ).

D. Order parameter M

A. Correlation length g

For a binary system at the critical concentration,
the correlation length can be written as

g+—=got "(1+apt + . . )+gti. (2)

v=0.630 (Refs. 1,17—19) is the universal exponent
and go the corresponding amplitude. In binary
mixtures the presence of gii has never been detect-
ed. Typically go ranges from 1 to 4 A, and the
correction a~

—+ has not yet been directly measured,
presumably because most static determinations are
performed very close to T, .

Light scattering measurements are able to give
values for g as will be explained below.

B. Susceptibility P

The susceptibility in binary fluids is the reduced
osmotic compressibility X=kii T, (/Bp B/c) z~,

In binary mixtures the order parameter M is the
difference M"'=i"' i, of t—he concentration i"' of
one component and its critical value i, (it) or .(I)
refers to the phase above or below the meniscus, in
a gravity field. It is convenient to separate the
variation of M into parts which are expected to
show the following behaviors:

/2

(5)

where 8 is the amplitude of the coexistence curve,
and P=0.325 (Refs. 1 and 17—19). Then

( )
M"+M'

2

is the so-called diameter of the coexistence curve.
A problem in binary fluids {as in pure fluids) is

that the proper order parameter is not known, and
therefore either mass fraction, molar fraction,
volume fraction, etc., can be used as a first-order
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approximation. This may have an incidence on the
amplitudes and correction-to-scaling terms and
complicates the behavior of (M), which can exhi-
bit terms in t', t ~, in addition to linear and
correction-to-scaling contributions. We will
therefore write (M) as

(M ) =M, ( 1+m, t +m, r '

(iv) Another relation, which is a combination of
R,+ and R~, is of interest since it is more easily
experimentally measured

R~+R, ' =fp+(B /C+)'~ =0 65 . 0—67 ..

We will now review and discuss the techniques
and the data concerning the above amplitudes.

+ m' t'P+ )(1+ )

where the second ellipsis means corrections.

(6) III. CORRELATION LENGTH AND
SUSCEPTIBILITY: LIGHT SCATTERING

E. Critical isotherm

The critical isotherm (t =0) equation is

p=DM (1+ . . )

with 5=y/P+ 1=4.815 the universal exponent.
The susceptibility behaves as

(7)

(8)

and the correlation length

P=WpV "'~

Here we have omitted the correction-to-scaling
terms. It is worth noticing that up to the Ref. 21
work, no experimental data were available in
binary mixtures along the critical isotherm.

F. Amplitude combinations

Rg ——gp (A+)' =0.25 —0.027 .

An interesting relationship is also
2—1lC+ o

Q2=
C

=1.2 .

There are three kinds of amplitude relationships
as follows:

(i) Ratio of amplitudes in both homogeneous and
heterogeneous regions, such as A+/A =0.5,
fp /gp 2, and C+/C =4.5. The universality of
the ratio results from the quality of exponents
above or below T, .

(ii) Relations between "thermodynamic" ampli-
tudes resulting from the relations between critical
exponents. Here the ratio R,+ =C+A+/B =0.06
and R&+ =C+DB '=1.7 will be studied.

(iii) Relations between thermodynamic and the
correlation length amplitudes. Hyperscaling,
which relates the space dimensionality d to u and
v by dv=2 —a, directly leads to the universality of

3

G(X)= g cj(1+aJX ) (10)

with c~ ——c2 ——1, c3 ———1; a& ——1.040056,
a2 ——1.058947, a3 ——1.053 932; b& ——1 —g/2
=0.98425, b2 ——1.554213, b3 ——1.627419. g is the
Fisher exponent whose theoretical value is
0.0315." '9 In Table I, the numerical values of
this approximation are given for v=0.630, together
with the data of Ref. 24. The deviations between
them are indeed very small.

A. Scattered light intensity

The intensity of the light scattered by the con-
centration fluctuations of a binary mixture near the

Scattered light intensity measurements allow the
static structure factor S(X) to be determined.
Here X =qg, where q is the transfer wave vector,
and a wide range of values can be easily achieved
for X: typically 10 &X&30. Since S(X) is
essentially the Fourier transform of the normalized
correlation function G (X) multiplied by the order
parameter susceptibility X, values for X and g can
be obtained.

However, a good model of the correlation func-
tion G(X) has to be known. We shall not discuss
here the case where corrections to scaling are im-
portant (see Ref. 16); these corrections should
modify to some extent the functional form of
G(X). The scaling correlation function proposed

by Bray ' " seems up to now the most appropriate
scaling function for systems which belong to the
same class as the three dimensional (30) Ising
model. Both for X &&1 and Xg~1, the functional
asymptotic form of G (X) can be regarded as

theoretically well known. On the contrary, the
correlation function G (X) has to be determined nu-

merically when X=1. Consequently, an analytical
approximation has been developed from the nu-

merical values reported in Ref. 24. This approxi-
mation is
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TABLE I. An approximation for the correlation function G(X)=g, , c;(1+a;X )2
—b,.

with a ~
——1.040056, a2 ——1.058 947, a3 ——1.053 932, b ~

——1 —g/2=0. 98425, b2 ——1.554213,
b3 ——1.627419, c~ ——c2 ——1, c3———1. D-01 means 10 '.

26

X Data' G(X) Absolute
deviation

0.0
1.000 00D-01
1.258 90D-01
1.584 90D-01
1.995 30D-01

1.000000 OD-00

9.901 GOO OD-01

9.844 0000D-01
9.755 000 0D-01
9.617 3000D-01

1.0000000D 00
9.901 007 7D-01
9.844018 1D-01
9.755 0109D-01
9.617 1982D-01

2.220 4SD-16
—7.721 88D-07
—1.809 99D-06
—1.088 66D-06

1.01829D-05

2.511 90D-01
3.162 30D-01
3.981 19D-01
5.01190D-01
6.309 60D-01

9.406 700 OD-01

9.091 200 0D-01
8.632 4000D-01
7.993 1000D-01
7.153 500 0D-01

9.406 613 8D-01
9.091 1163D-01
8.632 284 9D-01
7.992 9974D-01
7.153485 2D-01

8.61985D-06
8.372 OOD-06

1.1514SD-05
1.026 13D-05
1.476 73D-06

7.943 30D-01
1.000 00D-OO

1.258 90D-00
1.584 90D 00
1.995 30D 00

6.132700 0D-01
5.001 700 0D-01
3.870 600 0D-01
2.849 8000D-01
2.010 1000D-01

6.132789 5D-01
5.001 906 3D-01
3.871 0140D-01
2.849 961OD-01

2.010 122 1D-01

—8.952 44D-06
—2.063 37D-05
—4.14047D-05
—1.61034D-05
—2.206 79D-06

2.511 90D 00
3.162 30D 00
3.981 10D 00
5.01190D 00
6.309 60D 00

1.370 600 OD-01

9.116500 OD-02
5.959 500 OD-02

3.851 1000D-02
2.470 2000D-02

1.370 628 SD-01
9.115881 1D-02
5.958 937 SD-02
3.850 757 3D-02
2.470 127 1D-02

—2.850 89D-06
6.189420-06
5.624 95D-06
3.426 66D-06
7.294 95D-07

7.943 30D 00
1.00000D 01
1.258 90D 01
1.58490D 01
1.995 30D 01
2.511 90D 01
3.162 30D 01

1.577 200 OD-02

1.004 3000D-02
6.385 000 OD-03

4.056 000 OD-03

2.575 600 OD-03

1.635 3000D-03
1.038 3000D-03

1.577 260 9D-02
1.004 372 OD-02

6.385 802 5D-03
4.056 289 3D-03
2.575 571 1D-03
1.635 226 4D-03
1.038 169 8D-03

—6.092 18D-07
—7.199 16D-07
—8.025 34D-07
—2.893 38D-07

2.885 19D-08
7.358 01D-08
1.301 82D-07

'v=0.630 and g=0.315, from Ref. 24.

critical point can be written in the following
form 22 26

tr 2 r)lt
S g n

ATG(X), r '(1+ ),

where the ellipsis represents corrections to scaling,
and where Q is the wavelength of light in vacuum.
The quantity S„reflects the coupling between the
scattered electric field and the concentration fluc-
tuations; S„=1, S„=9n /(n +2)(2n +1), or
$„=3/(n +2) according to Einstein's, Yvon's, or

Rocard's theories, respectively. The parameter
(Bn /di)~ T is the usual bulk derivative, which can
be approximated by the Lorentz-Lorenz formu-
la. ' For pure fluids, the experimental results
agree equally well with the assumptions of Yvon
and Rocard. +' Einstein's result is generally

beyond the measurement accuracy. For binary
mixtures, Yvon's theory seems to describe the ex-
perimental results better than does Rocard's
theory.

The temperature and wave-vector dependence of
the scattered light intensity allows one to deter-
mine the exponents y, v and the amplitude go of
the correlation length. Table II gives the values of
go obtained in this way for the mixtures ni-
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TABLE II. Amplitudes of the correlation length and of the susceptibility obtained by different techniques. v and y
are the values adopted for the fits.

Systems Measurements gp(A)

S„

0
Bp

l

2
8pf

Bl

(Jcm )

A, =6328A

0
Bp
Bi T (Jcm )

clll
A, =6328A

Bl

A-C
N-I

1.240
1.240

T-W

T-D
I-W

N-M

Turbidity'
Turbidity'
Turbidity
Turbidityc™
Turbidity'"
Scattered light'

Rayleigh-Brillouin
N-H ~ Turbidity

Scattered light'

C-P
Turbidity"'
Scattered light'

1.28+0.05 0.630
1.0+0.1

1.08+0.1
3.625+0.065 0.630
2.38+0.30 0.630
2.16+0.03 0.630

1.240

1.240
1.240
1.240
1.240

1.4+0.1"
t

()'()7,
)

0.630 1.240

3.64+0.22 0.630+0.005 1.228+0.006
2.40+0.20 0.630 1.240
2.28+0.21 0.626+0.013 1.220+0.018

Turbidity' 2.45+0.05 0.630
Rayleigh-Brillouin~ 2.42+0.04 0.630 (5.3+0.1)&(10

(6.23+0.20) )& 10

(1.48+0.27) )(10
(5.9+1.3)y 10'

C
(1.37+0.05) X 10'"

I
(5.9+0.1)X 10 '

(6.00+0.33)X 10'

t (7.4+0.1)X10I

~

(2.68+0.4) X 10'"

(5.2+0.5)g 10'

'Reference 31.
Cited in Ref. 35.

'Appendix A.
Reference 21.

'Reference 59.
'Reference 26.
Q, =6328 A.
"A,=4880 A.

'Reference 24.
'Cited in Ref. 38.
"Reference 32.
'Reference 33.
mReference 60.

T(Tc
T)Tc ~

troethane and 3-methylpentane (N-M), nitro-
benzene-n-hexane (N-H), and carbon tetrachloride
and perfluoromethyl cyclohexane (C-P). The cor-
responding values of y and v are also given.

As far as the amplitude of X is concerned, it is
necessary to measure the absolute value of the scat-
tered light intensity Iq. Practically, it is quite im-

possible to perform such measurements with a suf-
ficient accuracy, mainly because the geometry of
the experiment is generally not well known. How-
ever, the ratio of scattered intensities from dif-
ferent spectral contributions is independent of most
of the above factors.

which are frequency shifted with respect to the
concentration line (Fig. 1). As stressed above, the
value of S„ in the expression of the scattered light
intensity is still subject to controversy; however S„
appears as a multiplicative factor in the expression
of the Brillouin lines intensity. This is merely be-
cause the local field expressions do not depend on
the nature of the fluctuation which gives rise to
the scattered electric field. Therefore the ratio
R /2B of the frequency integrated intensities is no
longer a function of S„,and can be written as

2

B. Rayleigh-Brillouin ratio

R
28

Bl T

pBn

gT

P~aF
2

t 'G(X), (12)
Bp
Bl

p, T
The spectral analysis of the light scattered from

a binary fluid allows the contribution from the
concentration fluctuations to be separated from the
contribution arising from pressure fluctuations.
These fluctuations give rise to the Brillouin lines,

with VHF the sound velocity at the Brillouin fre-
quency. From the variations of R /2B with t at
fixed q, both the exponents y and v and the ampli-
tudes (Bp, /Bi)~ r and gp can be inferred.
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N-H system
q = 2.03x10 Da'

i R

The same kind of results are also available for the
N-H system.

15—

10—

T-T,=38.4 K

(x36.5)

T-T,=5.9 K

(x392)

C. Turbidity

g =exp[ —(r+ao)l] (13)

where ap is the regular absorption. The turbidity
v is the scattered intensity integrated over a solid
angle 4m. , and can be written as

Near the critical point, the scattered intensity
may become so important that the transmission of
light through the sample decreases. From the tur-
bidity r (rate of decrease of the light intensity per
unit length), the same quantities as above can
therefore be inferred. If I is the light path in the
sample, the light transmission is

-6 -4 -2 0 2 4 6

v(6HZ)
FIG. 1. Spectrum of the light scattered from the

nitrobenzene + n-hexane system at two different tem-
peratures, showing the strong variation of the central
(Rayleigh) peak due to concentration fluctuations.
Shifted lines are the Brillouin components due to pres-
sure fluctuations. They exhibit no anomaly near T, and

can be used as an intensity standard. [Note the change
of scale (X36.5 and X392) (from Ref. 21).]

In Ref. 26 a complete analysis of the data ob-
tained for the nitroethane-isooctane (N-I) system is
given. Useful final results are reported in Table II.

J

r=rp(1+t)t rG'(Xp), (14)

r

2~' 2 an' kaT.
&p= 4 ~n

gp Bl T (jp
Bl

p ~ (15)

In this expression the uncertainty concerning the
local field value is again reflected by the quantity
S„. G'(Xo) is directly deduced from the solid-
angle integration of G(X). With Xp ——V2Epg,
where Ep ——2mn/A. p is the wave vector of incident
light,

3

G'(Xo) = g c; I [(1+2a;Xp) ' —1][1+aXp(2—p;)+a; Xo(2+@ +pi )]—2piXo(1+Xo) j

X [a;Xpp;(1+p; )(2+p; ) ] (16)

where a; and c; are the same as for G (X), and
where the p; are deduced from the b; by the rela-
tion p; =1—b;. Note that this formula is the
straightforward generalization of the calculation
made in Ref. 30(b) with a simpler model for G (X).

The fit of this expression (16) to transmission
measurements performed at different temperatures,
or different values of M on the critical isotherm
using t=(M/B)' ~, can give significant values for
the adjustable parameters y, v and the amplitudes
1 o and gp. Of course the binary fluid must be suf-
ficiently turbid so that the decrease of the trans-
mission can be easily measurable. Nevertheless,
very turbid systems may give erroneous results if

the light path in the medium is too long.
This turbidity technique is very simple to set up,

and we have used it to investigate four different
systems, aniline and cyclohexane (A-C), isobutyric
acid + water (I-W), N-H, and triethylamine and
water (T-W). ' We have analyzed the correspond-
ing data, and other data already published concern-
ing the systems N-M (Ref. 32) and C-P.is The ex-
perimental set-up, the data, and their analysis can
be found in Appendix A. The final results are list-
ed in Table II.

One can notice the correct agreement for the gp

values obtained in the same sample using scattered

light and turbidity measurements for the
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N-M and C-P systems. On the contrary, when
samples from different origins have been used, the
agreement between the two techniques is poorer
(N-H and T-W systems). The probable explanation
for the discrepancy could be the different origin of
the components. As already stressed, the ampli-
tude values are very sensitive to the amount and to
the nature of the present impurities. For instance,
Ref. 34 reports measurements of g'o in the N-M
mixture using pure nitroethane (1) and nitroethane
with 3% impurity (2), mainly water. The correla-
tion length amplitude was seen to increase from

go
——2.26 A (1) to 3.25 A (2), i.e., to show a varia-

tion of 40%.

have not been reanalyzed and that the value
a=0.125 had been used by the authors. The study
of the T-W mixture deserves some remarks. In
Ref. 38 a surprisingly high value a=0.25 was
found. When assuming that a =0.125, different
amplitude values have been deduced, A+ =56 with
correction-to-scaling terms, and 3+=40 without
corrections. We have reported in Table III the re-
sults of an unpublished analysis with a=0.110, as
mentioned in Ref. 35.

Also reported are results regarding the two
phase region of the T-W and D-W systems. In
this region, additional experimental difficulties can
cause supplementary artifacts.

IV. SPECIFIC HEAT

Owing to the smallness of the exponent a, and
the generally important value of the regular part of
the specific heat at constant pressure and concen-
tration, both exponents and amplitudes are very
difficult to estimate from measurements. Several

techniques have been used.

B. Volume or density measurements

An alternative way to get some information con-
cerning Cp, comes from the thermodynamic rela-
tionship between Cp, and the thermal expansion
coefficient

1 av
P V

p) l

A. Calorimetry
C —Cy.p) l )l

VTc

dT

dp v

The basis principle of calorimetry consists in
measuring the temperature rise ht associated to the
supply of a given power

t)
LP = Cp,-dt ~ t

&
+constp (17)

and it is therefore the exponent (1—a) rather than
the exponent a which is measured. When tem-
perature increments are very small, one may
nevertheless consider ddt/(t& —to) cc t

Direct calorimetric measurements of Cp,- have
previously allowed the divergence to be detect-
ed, 36 3s but the estimations of a were only qualita-
tive. This seems to be due to both thermal gra-
dients and gravity effects, which can alter the criti-
cal behavior of the specific heat. In order to
prevent density gradients, a continuous stirring of
the sample during the measurement can be regard-
ed as an improvement, but this method can
create non-negligible velocity gradients which are
now known to strongly distort the critical
behavior.

Table III reports calorimetric results concerning
the T-W, I-W, C-P, and triethylamine+ deuterated
water (T-D) mixtures. In Appendix 8 the data on
the I-W system have been reanalyzed assuming
a=0.110. Note that for the C-P system, the data

where V is volume and Cv; is the specific heat at
constant volume and concentration which is ex-
pected to have no critical anomaly in binary fluids.
(dT, /dp)v; is the pressure variation of the critical
temperature. According to the formula (4), the
diverging part of ap, should be relatively more im-

portant than the Cp, one since C~; is subtracted.
Experimentally a change of volume b, V or densi-

ty Ap is measured when the temperature is varied,
and there again it is not the exponent a which is
directly measured, but 1 —a:

—Ap~ EVE t'
Density or volume measurement can be very accu-
rate. The measurements are performed at thermo-
dynamic equilibrium, but gravity-induced density
gradients can affect the results. In addition, exter-
nal contaminations cannot be completely avoided
when the volume variations are studied over a
large temperature range. All these reasons could
explain why up to now these methods are not able
to achieve an accuracy better than +70% for a.
Also the choice of the system is very important
since both A + and (dT, /dp) v; have to be large.

Table III listed the results for the T-W, I-W,
N-M, N-H, and C-P systems. Appendix C
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TABLE III. Values of the specific heat amplitude A —,obtained by different techniques.

System Measurement A+(&&10 ' cm ) A+/A (dT, /dp)()(10 'Kcm dy ') pBpf

Bp

A-C
N-I

T-W

T-D

I-W

N-M

N-H

Refractive index'
Refractive index"
Calorimetry'
Density'

. Refractive index'
Calorimetry'
Calorimetry'

J Density
Volume"

. Refractive index'
~

~

Density'
, Refractive indexI'

I Volume~

~

Calorimetryq
'[ Density"

1.2 +0.3
1.8 +0.5

18 +3.6"
8.2 +0.6
8.4 +0.3

15.6 +0.7
0.36+0.02
0.51+0.07
0.68+0.15g

0.46+0.03
3.2 +1

1.05+0.15
1.19 +0.5
1.10+0.07
1.10+0.15

0.56+0.09'
0.63+0.25'

0.36+0.03

0.110
0.110
0.110
0.110
0.110

0.57+0.01 0.107
0.110
0.12S
0.110
0.110
0.140
0.110
0.110
0.125
0.12S

0.70+0.05 'g

0.26+0.05'

2.03+0.003

—5.20+0.25b

0.37+0.05'

—1.64+0.08b'g

—4.0+0.16

0.626'
0.438'

0.400'

0.397'

0.472+0.010~

'Appendix D.
bCited in Ref. 61.
'Reference 46.
Reference 62.

'Reference 63.
Reference 64.

gUncertainty estimated by us.
"Reference 40.
'Reference 38.
'Reference 38 without corrections to scaling and with a=0.125.
"Cited in Ref. 35.
'Reference 35.

Reference 65.
"Reference 66.
'Reference 67.
"Reference 21.
qReference 37.
'Reference 65.
'Assuming the Lorentz-Lorenz formula.
'Appendix C.
"Appendix B.

discusses the analysis of data concerning the T-W
mixture in both regions (+ and —).

The agreement between calorimetry and volume
or density measurements is good for the I-W and
C-P systems, but not for the T-W mixture, where a
factor of 2 discrepancy currently exists.

C. Refractive index measurements

Another method for obtaining information on

Cz, is to measure the refractive index of the mix-

ture. Its variations can be mainly ascribed to the
density, and its behavior near T, will reflect the
critical density anomaly. The experimental interest
is obvious since gravity effects are greatly reduced.
Indeed the measurement can be made in the sam-
ple at the level where composition gradients vanish
in the homogeneous phase, i.e., near the middle of
the sample height. Furthermore, external contam-
inations can be completely avoided since the sam-
ple can be contained in sealed cells which can be
reused for other kinds of measurements.

The only difficulty with this technique lies in
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the knowledge of the exact relation between the re-
fractive index and the density. This problem has
already been discussed, and at the present
time two different contributions to the variation
b,n of the refractive index are expected:

hn =[A,p]+[AS], (20)

where [bp] represents the only contribution from
the macroscopic change of density and where [~]
is the local field modification due to the increasing
amplitude of fluctuations.

All contributions can be separated into regular
(superscript r) and critical (superscript c) parts.
The critical part [hp]' of the first term is simply
proportional to b,p as given by the expressions (18)
and (19). The critical contribution [~' is expect-
ed to behave as follows

[DER'-D, r "+D,t' (21)

- reg

t +Rt +D2t (22)

with

Very recently, flow birefringence experiments
have ascertained the existence of the first contribu-
tion to [~', as suggested in Ref. 45, and have
shown that within current accuracy it remains
negligible near T, . The second contribution is ex-
pected to be also very small; it js proportional to
the coefficient (BT,/BE ), with E the electric field.
No experimental verification concerning this single
last contribution exists at the present time.

Therefore b,n can be written in the following
fm:

A+ values given in Table III). Furthermore, we
will see later that this assumption does not lead to
any inconsistency in the following data analyses,
even when correction-to-scaling terms are con-
cerned. ' Finally, it is worth noticing that this
ambiguity does not affect the determination of ex-
ponent a, as determined in Ref. 46.

In Table III the results concerning the A-C, N-I,
T-W, I-W, and N-H mixtures are given. In Ap-
pendix 0, data concermng the A-C and N-I sys-
tems (the latter in the inhomogeneous region), have
been reported and analyzed. Table III also listed
the values of

Bn 2
1

(n2+2)

when one assumes the Lorentz-Lorenz formula. It
is well known that this formula (24) is somewhat
approximate within a few percent, but it is the
only way to determine (pBn/Bp)z, . when the analy-
ses of n and p have not been performed at the
same time. This uncertainty is generally much
lower than the experimental one.

The results for the T-W mixture deserve some
remarks. Contrary to the comments made in Refs.
35 and 48, it seems that no disagreement exists be-
tween density and refractive index measurements.
Apart from possible experimental artifacts, a possi-
ble reason for the present discrepancy between
these techniques and calorimetry might be found in
the different origin and purity of the components
used in this mixture. This could explain why both
A+ and go+ disagree with our results, while each
value of R ~+ are in agreement (see below).

On dT, kz

Bp dp i, a(1—a) (23)
V. ORDER PARAMETER

For clarity, the correction-to-scaling terms have
been omitted. Note that those related to the D2
term are not clearly ascertained. The first part
represents the regular variation of the refractive in-
dex, the second part reflects the critical behavior of
the density alone, and the third part corresponds to
local field effects.

We will simply neglect this last term in the fol-
lowing, i.e., we will assume that R &gD2. The
only available experiments, for T-W, I-W, and
N-H systems where both density and refractive in-
dex measurements have been made, show that the
amplitude of the diverging part of the refractive
index can be ascribed to the density alone (sm the

Numerous methods have been used to obtain the
coexistence curve of binary mixtures, but they all
lead to a "blind" region for

~

T T,
~

&0.01 K—
where measurements are meaningless. This is due
to the flat shape of the curve, which accentuates
the influence of external contaminations, gravity
effects, very long equilibrium times, etc. Priority
will be given to the coexistence curve determina-
tion in the same sample used to measure the other
diverging quantities. Optical means are very useful
since the refractive index is a function of the con-
centration.

The composition dependence of n can be ex-
panded in the following ' form:



3598 D. BEYSENS, A. BQURGOU, AND P. CALMETTES

n t=n+Bt(1+a t +. .
) ~n„n—t~ =28„t (1+a t +. ). (27)

+R t' (1+aa, t~+ )

+Et ~+Ft+ 0 ~ ~ (25}

B„=B;
BI,

(26)

The subscripts u (I) refer to the upper (lower)

phase, corresponding to +8„( 8„)—, n, is the re-
fractive index value at T„and the terms 8„,E, I'
are connected to the composition dependence of n,
whereas R represents the contribution of the den-

sity and of an eventual local field anomaly. R
shows the same functional form as R in formula
(24), neglecting the local field contributions. 8„ is
the amplitude of the coexistence curve with n as an
order parameter. It can be related to the ampli-
tude 8; of the order parameter i by

Careful analyses of the coexistence curves of N-

I, T-W, ' ' and N-H (Ref. 21) (visual and/or
refractive-index techniques}, and of the I-W sys-
tem (density measurements), have been recently
reported, assuming that P=0.325. The results con-
cerning the amplitudes are given in Table IV. For
simplicity, only the variable volume fraction (i =y—)
has been considered. We have also reanalyzed in
Appendix E the coexistence curves of the A-C, N-

M, N-H, and C-P systems. We have also reported
in Table IV the data obtained by a diffraction
technique, which is related to the refractive-index
variations, and reported a value from the data
drawn in Ref. 51 when imposing P=0.325. The
difference with the value found in this Reference
(P=0.328) leads to negligible errors.

The term Et ~ is present whenever the chosen vari-
able is not the "proper" order parameter, and the
term Ft + . . is expected to represent both the
regular contributions of n and the slope of the
coexistence curve diameter. It is worth noticing
that this complicated function can be simplified
when only the amplitude is concerned:

VI. AMPLITUDE RELATIONSHIPS

A distinction can be made between the combina-
tions of amplitudes of the same nature (A+/A
pc+/gc, C+/C ), the combination of several ther-
modynamic parameters (R„Rr ), and the combina-
tions in which are involved both thermodynamic

TABLE IV. Amplitude of the coexistence curve, with the volume fraction or the refrac-
tive index as order parameter.

System Measurement B„
wavelength

(A) P T(K)

I-W
N-M

C-P

J Density'

1
Refractive

[
Visual'

1
Refractive

J Visuald

1Refractive
Density
Density'

1
Visual'

[
Refractive
Visual'

index"

index'

0.97+0.03

0.885+0.015

index'
1.605+0.035

1.071+0.023
0.852+0.005
0.770+0.006

indexi
0.844+0.013

0.157+0.06

(1.22+0.03)y 10-'
(2.31+0.25) y 10

0.1470+0.0015

0.140+0.002

6328

6328
4880

6328

6328

o.32s1
0.325]

0.3251
0.325]

303

0.3251, 291.5
O.32S ]

0.328 299
0.325 299.5
0.3251
O.32S I
0.325 301.5

'Appendix E.
Reference 51.

'Reference 49.
Reference 68, reanalyzed in Ref. 31.

'References 16 and 31.
Reference 50.

preference 21.
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quantities and the correlation length
(Rg+,Rg+R, ',Qg).

1,0

A'/A

1 l I I I 4 I I I I I l 1 f I

but not with the HTS estimation of 5.03+0.05.
The ratio g /go ——1.9+0.2 is in agreement with
both the high temperature result 1.96 (Ref. 71) and
the renormalization-group calculation 1.91 (Ref.
72).

B. Ratio R,+ =A +C+/8~: Proper order parameter

In this ratio only thermodynamic amplitudes are
involved. Its value can be inferred from Tables II,
III, and IV. The knowledge of the exact order

parameter is important. However, we notice that
the ratio C+/B can be written as a function of
the experimental data without making any assump-
tions on the order parameter: (i) it is not C+
which is measured, but [(Bn /Bi)& r/ (Bp/Bi)z r),
and (ii) whenever the amplitude of the coexistence
curve has been studied by refractive index tech-
niques, the quantity B„=B;(Bn/di )~ T is known.
Therefore C+/B can be deduced,

C+ 1

8 4n

Bn

pp AT,
'0

nBp
BE

i p~T

(29)

A. Ratios A+/A, go+/$0, and C+/C

Table III lists four values of the ratio A+/A
of the leading amplitudes of the specific heat. The
error bars for the T-D measurements seem very
low and should be increased when considering the
strong concentration gradients which exist in the
two phase region, as stressed by the authors.

The theoretical value for A+/A is 0.51 for
high-temperature-series (HTS) computation, ' and
0.48 for a renormalization-group (RG) calculation

up to order e . From Fig. 2, where both experi-
mental and theoretical values are shown, it can be
concluded that the experimental determinations
agree relatively well with the theory. It is not pos-
sible to decide whether the series of the renormali-
zation group agrees better with the experiments.

Only one value of the ratio C+/C and go+/go
have been obtained, in the N-H system, from turbi-

dity measurements performed above and below

T, . ' The C+/C experimental value is 4.3+0.3,
in very good agreement with the value calculated
by an e expansion in a renormalization-group ap-
proach,

C+/C =2r '+=4.5, (28)

0.50—

H-T-S-
0.5't

0.48
R-G(e~l

0.1

N-I

I I i i &il

1

T-W

T-W T-D T-W

s s ill i I & s s s s ~

10 A'
(x10~' ce ~)

FIG. 2. Ratio A+/A of the specific-heat ampli-
tudes in the homogeneous (+ ) and heterogeneous ( —)
region. 3+ has been chosen as a variable for testing the
universality of the ratio. Note the semilogarithmic
scale. Three systems were studied, by refractive index
(full circle), density (open circle), and calorimetry
(crosses). Lines are the theoretical values.

The determination of Bn has been performed in
four systems (C-A, N-I, T-W, and N-H). For the
other mixtures only the order parameter, the
volume fraction, has been considered and every
time the experimental derivative (Bn /By)z"f was
available, it has been preferred to the value calcu-
lated by the Lorentz-Lorenz formula for determin-
ing B„=(Bn le)~"PB~.

However, this relationship is somewhat approxi-
mate in the sense that the derivatives (Bn /Bi)z r
involved in light scattering and in refractive-index
measurements are not the same. In other words
there still remains the ambiguity due to the light
scattering theories [coefficient S„ in formula (11)].
As stressed above, the Einstein formulation always
gives too high a value, so we have considered only
the Yvon-Vuks (Y) or Rocard (R) theories. All
systems are concerned, except the N-I and N-H
mixtures which have been studied using the
Rayleigh-Brillouin ratio technique.

All the R. values are listed in Table V. Except
for the N-M system, the data are in agreement
with the theoretical values 0.059 obtained by
HTS, ' or 0.666 from RG up to order e, as shown
in Fig. 3. The accuracy of experimental data is
low; this can be attributed to the high number of
parameters involved and to the inaccuracy of some
A+ values.
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TABLE V. Values of the universal amplitude ratios R,+ =A+C+/8 and
R~+R, '~'=go+(B'/C+)I~' T. heoretically expected values are R, =0.059 (HTS) or 0.066
(RG), and R~R, ' =0.650 (HTS) or 0.667 (RG). Yor R refers to the Yvon-Vuks or Ro-
card light scattering theories, and RB to the Rayleigh-Brillouin determination of C+.

(T, in K) YR

System (A, in A) {A, in A) R,+( X 10-') R+R-'"
c

N-I

T-W

I-W

N-H

C-P

(7.2+0.7) X 10-'
(6563)'

{1.48+0.1))( 10
{6328) '

0.183+0.02'

0.177
(5890)"f

1 5242(6328)

1.389(6328)
1 392(4sso)

1.3695'

1.3568(6328)

1 3803'~ (6328)

1 wow(292 5)g
~ (6328)

1.3673(6 ' '"

[r
R

Y
R
Y

'

R
Y

lRB

[r

5.6+1.7
8.5+2.9
8.8+3.7
6.8+3.3
4.0+0.4
5.6+0.5
3.5+1.4
4.9+1.9

23 +15
30 +20
5.8+1.4
8.5+2.0
5.0+1.5
5.4+0.8
7.6+1.1

0.680+0.035
0.59+0.03
0.66+0.06
0.72+0.07
0.76+0.04
0.67+0.04
0.86+0.14
0.77+0.12
0.53+0.06
0.47+0.05
0.68+0.05
0.60+0.04
0.73+0.05
0.65+0.07
0.59+0.07

'Reference 46.
"Reference 26.
'Reference 61, experimental value.
We have estimated the uncertainty.

'Reference 47.
Using the Lorentz-Lorenz formula.

IReference 21.
"Reference 33.

Rc

0.10

0.05

I I I I I I II I I I I I I I II

R-G(c}
0.066

0.059—
H-T-S

C. Ratio Rz+ =C+DB~

In Ref. 21, the ratio Rr+ have been estimated in
the Nitrobenzene-n Hexane mixture to 1.75+0.30,
i.e., in excellent agreement with the R-6 value
1719

D. Ratio Rt+ =g'o+(A+)'~3

0.1

I-W C-P T-W

10

I I I

A'
tx10~~ cm ~)

FIG. 3. Combination R, =A+C+/B2, as a function
of A+ for checking universality. Note the semiloga-
rithmic scale. Six systems have been investigated. Open
circles refer to the C+ values corresponding to the light
scattering theory of Yvon-Vuks, open squares to the Ro-
card theory. Full circles refer to the C+ value obtained
from the Rayleigh-Brillouin ratio. Lines are the theoret-
ical values.

This ratio, which connects thermodynamic and
correlation amplitudes directly, comes from the
hyperscaling relationship d v=2 —u, with the space
dimensionality d =3. This increases the interest of
its determination: Hyperscaling has been question-
able, for a 1ong time, because it is not satisfied by
HTS calculations, but demonstrated by RG theory
(however, it has been shown very recently that the
HTS approach should also agree with hyperscal-
ing's '9). Experimentally, hyperscaling seems to
be verified for most binary liquids. "

Now, from Tables II and III one can infer R ~+



EXPERIMENTAL DETERMINATIONS OF UNIVERSAL. . .. I. . . . 3601

for eight mixtures. The results are listed in Table
VI. As already noticed, we have associated, when-

ever possible, the amplitudes obtained in the same
laboratory. In Fig. 4 these experimental values are
compared to the theory 0.253+0.001 from HTS
calculations and 0.270+0.001 from RG calcula-
tions (field methods). These two theoretical values

agree well with the experimental data; however, the
average experimental value seems to be closer to
the RG result.

0.4-

0.3-

0.2-

I W ~ 1 1 ~
1

I I ~ ~ I %II

R-G{l }
0.270

0.253
H-T-S

E. Combination R~+R, ' =go+(B /C+)' 0.1 C-P

I-W N-H A-C N-I

Combining R ~+ and R, has the advantage of
suppressing A+, and a number of systems larger
than for R ~+ or R, can be considered. All the re-
sults are listed in Table V and compared in Fig. 5

to the theoretical values 0.650 (HTS) and 0.667
(RG) which has been obtained using Refs. 3 and 5.
The agreement is generally good. The low value
found for the N-M system can be attributed to the
inaccuracy of (Bn/BIp)z T, which is due to the fact
that the refractive indices of the components are
nearly matched. This also leads to some uncertain-

ty on the amplitude C+ deduced from turbidity
measurements.

0.1 10 A'
{x10~~cm 3)

C+ NF. Combination Q2 ——

go'

FIG. 4. Ratio R ~+ =go+(A +)'~ as a function of A +

for checking universality. Note the semilogarithmic
scale. Eight systems have been studied. Full circles
refer to refractive-index data, open circles to density
measurements, and crosses to calorimetry determina-
tions. Theoretical values are represented by full lines.

TABLE VI. Universal amplitude ratio R ~+

=g& (A+)' . Theoretical values are 0.253+0.001
(HTS), and 0.270+0.001 (RG).

Q2 has been measured in the system Nitroben-
zene and n-Hexane '; the value found Q2 =1.1+0.3
agrees well with the theoretical one, 1.21, obtained
with the series method.

System Measurements

A-C
N-I

T-W

T-D

N-M

N-H

C-P

Refractive index"
Refractive index'

~

~

Calorimetry"
Density'
Refractive index'
Calorimetry"

~

~

Calorimetry'
~

~

~ Density'"
Volume'
Refractive index'
Density"'

,
' Refractive index'
r Volumeb

~

~

Calorimetry'"
Density'd

0.26+0.03
0.298+0.034
0.262+0.044
0.258+0.016
0.260+0.029
0.250+0.027
0.258+0.012
0.289+0.018
0.319+0.030
0.280+0.011
0.318+0.038
0.27+0.03
0.30+0.05

0.248+0.026
0.248+0.032

'go and A+ from the same laboratory and measured in
the same sample.
bgo and A+ measured in the same laboratory but not in

the same sample.
'$0 and A + from different laboratories.
a=0.125 in this case.

'a=0. 140 in this case.

1.00—
R-1/3

C

0.50—

R-G
0.667

0.650
H-T-S

T-)at

I I I I I I I I I

1

N-I

C-P
N-M A-C

, (l, td,
2

N-H I-M

(V, , J

&o(4j

FIG. 5. Combination R~+R, ' =gq+(B /C+)' as a
function of go+ for testing universality. Seven systems
are concerned. Full circles represent values obtained
from the Rayleigh-Brillouin ratio, open circles concern
the Yvon-Vuks theory, and open squares, the Rocard
theory. Straight lines represent the theoretical values.
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VII. CONCLUSION

Each of the height amplitude ratios A+/A
go+ lgo, C+jC, R,+, Rr+, Rg+, (Rg+R, '

), and

Q2, evaluated among eight different binary mix-
tures, are found to lie within a close range while
some of the parameters which combine to enter in
the ratios (such as the specific heat amplitude) vary
by a large factor. This is well supported by the
universality hypothesis of such ratios. Moreover,
all experimental values are found to be in agree-
ment with the theoretical values, especially for R~+
which directly results from hyperscaling and whose
determinations are in better accordance with the
RG result than with the HTS calculation, known
to violate hyperscaling. This result therefore
agrees with the more recent calculations on critical
exponents and their experimental determination in
binary fluids.

Some problems, however, limit the possibilities
of increasing the accuracy of such determinations.
One is concerned with the difficulty of choosing
the proper order parameter. An alternative was to
consider the refractive index as a variable, but we
are limited by the lack of knowledge concerning
the variations —or the fluctuations (light scatter-

ing) —of the refractive index. More experimental

and theoretical work is needed in this field.
Another problem, still coupled to the refractive in-

dex, relates to the specific-heat amplitude obtained
from refractive-index measurements. In all the
systems which have been studied by this technique
a good agreement is obtained when only the densi-
ty dependence of the refractive index is taken into

account, suggesting that the fluctuation contribu-
tion is negligibly small. More work is necessary
here also to definitely clarify this situation.

APPENDIX A. TURBIDITY MEASUREMENTS

1. Experimental

The I-W mixture was prepared in a quartz cell
(radius =1 cm, length =2.000+0.001 cm) and
sealed at atmospheric pressure. The sample used
was prepared with components from the same
batch already used for the study reported in Ref.
46. Water comes from a highly sophisticated puri-
fication and filtration set up, the final quality cor-
responding to an Ohmic resistance of 18 MQ cm.
The purity of the acid was the best commercially
available and exceeded 99%. The experimental
mass fraction of the acid was 0.3889
+0.005, close to the critical mass fraction 0.3885
reported in Ref. 50.

The N-H system was prepared in a similar
quartz cell. Since this system does not contain wa-
ter, it was possible to freeze it at liquid nitrogen
temperature and to seal it under a vacuum. Com-
ponents were of spectroscopic grade and have been
filtered through 0.2-pm Teflon filters. The experi-
mental mass fraction of nitrobenzene was 0.509
+0.002, the critical value being 0.51 according to
Ref. 52 and 0.525 according to Ref. 21. This sam-
ple is the very same one which has been used al-
ready for the measurements of the Rayleigh-
Brillouin ratio ' and other determinations.

The experimental set up is shown in Fig. 6. The

Ji
Th

ELECTRO-
HETER+

RECORDER

10mW He- He
LASER

FIG. 6. Experimental set up used for turbidity mea-
surements. Cl: cell; Th: quartz thermometer; 0:
copper oven with O. l-mK stability; 8: air regulated box
with 20-mK stability; m&, m2.. semitransparent mirrors;
m3, m4. mirrors; Ml, M2. masks; D&, D2. neutral den-

sities; L: focusing lens; Tl, T2. pinholes.
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sample was placed in a thermally stabilized copper
oven giving a therma1 stability of + 1 & 10 " over a
period of several hours. This oven is enclosed in a
therma11y regulated box in which most of the opti-
cal arrangement is also set up. The principle is
simple: the light beam from a He —Ne laser is
first strongly attenuated by a neutral density fi1ter
to a few p%. This very low power cannot give
spurious heating of the sample, whose temperature
rise is typically 0.5 mK for 1-m% incident power.
After the beam has been "cleaned" by a lens and a
field stop, it is split into reference and measure
ment parts. Both are sent on a photomultiplier
cathode, at the very same place, and the photo-
current is measured by an electrometer. Two
masks allow either the optical balance to be per-
formed or the transmitted beam to be measured.
The linearity of the whole system was checked by
varying the incident beam intensity by known
amounts. A small pinhole was set just before the
photomultiplier in order to reduce the aperture of
collection, and then the scattering contributions.
The overall relative accuracy was about 0.3%.

The critical temperature was assumed to be that
corresponding to the lowest light transmission.
This criterion is sometimes not sufficiently accu-
rate since for a 2-cm length cell, the scattering
contributions can prevent the transmission from
canceling. In this case, we have taken advantage
of the very intense and slowly varying speckles to
improve the accuracy. These speckles indicate that
the phase separation process is beginning. In this

way, the critical temperature T, can be obtained
within 0.3 m K.

For each mixture, several sets of measurements
have been made and no T, drifts with time have
been observed. Gravity effects are expected to be
weak, since the beam diameter is small, and is lo-
cated at the center of the sample where the concen-
tration gradients vanish. Moreover, one of the
mixture (I-W) has nearly matched component den-

sities.
Data concerning the turbidity are listed in Table

VII for the I-W system, and in Table VIII for the
C-A system. Concerning this last mixture, the set
up was somewhat different, and samples of various
length have been used. ' ' Data of the N-M
system are listed in Ref. 32, and those of the C-P
mixture are in Ref. 33.

2. Fitting procedure results

The turbidity measured at different tempera-
tures, or composition ' M using t = (M/8)'~p, was

TABLE VII. Turbidity data for the system isobutyric
acid + water. T, =27.0386'C.

C

(X 10 K)
Observations

(cm ')
T —Tc

( X 10-' K)
Observations

(cm- ')

First
1562.5 5.700 X 10
1343.7 6.684 X 10
1 162.2 9.296 X-10
1020.7 1.063 X 10
911.9 1.792 X 10
802.3 2.024 X 10
802.1 1.889 X 10
576.8 2.S64 X 10-'
46 1.1 3.904 X 10
366.9 4.887 X 10
215.3 7.542 X 10
192.2 8.709 X 10-'
167.7 9.970X 10-'
143.2 1.152X 10
1 18.5 1.391X 10
93.9 1.645 X 10-'
69.0 2.026 X 10
44.5 2.660 X 10-'
32.1 3.232 X 10
26.9 3.545 X 10

126.3 1.241 X 10
96.7 1.583 X 10-'
74.4 1.896 X 10
49.4 2.483 X 10
36.9 2.959X 10
21.6 3.916X10
16.6 4.425 X 10-'
14.2 4.714X 10-'
1 1.6 S.057 X 10
10.4 5.310X10-'
9.2 5.538 X 10
8.0 S.792 X 10
6.8 6.152X 10
6.3 6.282 X 10
5.9 6.462 X 10-'
5.2 6.636X 10
4.8 6.846 X 10-'
3.8 7.341 X 10-'

Second set
1336.0 1.395 X 10
858.0 2.246 X 10

set
619.0
380.3
340.0
460.1

570.7
3 19.7
299.0
278.7
263.8
202.4
140.1
98.3
77.1

55.8
45.4
34.1

23.5
18.2
9.9

13.9
7.7
5.6
3.5
2.4
1.4

2.909X 10
5.256 X 10-'
5.788 X 10
4.265 X 10
3.837X 10-'
5.245 X 10- '
6.491 X 10-'
6.682 X 10
7.007 X 10-'
8.930X 10
1.236X 10
1.605 X 10
1.968X 10-'
2.422 X 10
2.605 X 10
3.082 X 10- '

3.736X 10-'
4.151 X 10-'
5 326X 10
4.658 X 10—'

5 802X10
6.449 X 10-'
7.329 X 10
8.034X 10
9.342 X 10- '

fitted to the following expression, deduced from
the relations (13)—(16):

r+ao =~o(1+t)t rG'(v 2Kogot ")+ap,

(AI)

where the quantities y and v, and 1 p, go, and ap
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TABLE VIII. Turbidity data of the system cyclohexane+ aniline. T, =30.15 'C. For
absolute values, multiply the observations by 2.30.

Observations Observations Observations

T —T,(X10 K) (cm ') T —T,(X10 K) (cm ') T —T,(X10 K) (cm ')

1.0
3.0
7.0
9.9

11.8
12.2
13.0
14.0
15.8
16.1
16.7
19.1
20.0
22.0
23.0
23.0
24.3
24.9
26.1

28.8
28.9
32.8
33.0
34.9
34.9
37.9
40.0
40.0
41.2
43.1

44.0
45.8
51.0
54.6
55.2
59.5
60.1

62.8
64.0
64.9
71.3
72.5
74.0
75.2
77.0

2.00x10'
1.61 x 10
1.13X 10
9 88X10
9.54x 10-'
9.00x 10-'
8.76x 10
8.60x 10-'
8.05 x 10-'
8.54x 10-'
7.65 x 10-'
7.23 X 10
7.55 X 10
7.00x 10-'
6.99x 10-'
6.90x10-'
6.38x 10
6.21 x 10
6.37 x10-'
5 83X10
5 71X10
5.42 x 10-'
5.43 X10-'
5.11x 10
5.08 x 10
4.90x 10
4.82 x 10
4.89x 10-'
4.49 x 10-'
4 59X10
4.37x 10-'
4.26 x 10-'
4.10x 10
3.73 X 10
3.74x 10-'
3.46x 10
3.68 x 10-'
3.40 X 10
3.41x 10-'
3.37x 10-'
3.10x10—'

3.00 X 10-'
3.0S x 10-'
2.92 x 10-'
2.84 X 10-'

78.3
81.0
92.8
93.1
93.0

100.0
102.0
108.0
111.0
118.0
118.0
118.9
121.0
131.0
136.8
142.0
145.0
145.0
153.8
154.0
156.2
162.0
162.9
167.1
180.0
180.5
186.0
196.0
199.0
200.0
206.0
207.2
242.3
245.0
248.7
251.1

252.0
262.7
271.1
283.9
299.0
326.0
328.8
331.2
360.3

2.87x 10-'
2.92 X 10-'
2.39x 10
2.51x 10-'
2.51 x 10
2.28 x 10
2.25 x 10-'
2.26 X 10
2.17x 10-'
2.26x 10
2.16x 10
1.97X 10
2.04x 10
1.91x 10
1 77X10
1.86x 10
1.70x 10-'
1.64x 10
1.62x 10
1.67 X 10
1.50X 10
1.61 x 10
1.66x 10
1.44x 10-'
1.40x 10-'
1.35x 10
1.31x 10
1.44X 10
1.24x 10-'
1.25 X 10-'
1.16X 10
1.31x10-'
1.11x 10
1.05x 10
1.04X 10-'
1.11x10-
1.12X 10
8.80X 10-'
9.SOx10-'
1.09x 10
9.70x 10-'
8.00x 10
8.20x 10-'
8.00x 10-'
7.00X10-'

370.3
385.5
475.6
520.5
630.6
665.8
760.7
849.2
849.2
921.1
919.0

1000.9
1161.0
1264.8
1528.6
1674.2
1789.5
1913.8
2001.8
2368.8
2647.8
3124.0
3163.4
3852.0

7.80x10 '
6.80x 10
5.40X 10-'
5.20X10 '
3.95 x 10-'
3.90X 10-'
3.30x 10-'
2.70x 10
2.53x10 '
2.67 x 10
2.20x10 '
1.85 x 10
1.52x10 '
1.37x 10-'
1.27x 10
1.23 x 10-'
1.12x10 '
1.02x10-'
9.70x 10-'
8.80x 10
7.60X 10
5.90x 10-'
4.20X 10-'
4.80x10 3

have been regarded as adjustable parameters; the
exponent g in G' was supposed to be 0.0315. A
first fit was made to check the values of the ex-
ponents y and v, excepted for the N-M system

which is weakly turbid and gives results with poor
accuracy. Then a second fit was made with y and
v having their theoretical values 1.240 and 0.630;
this leads to smaller uncertainties for the ampli-



26 EXPERIMENTAL DETERMINATIONS OF UNIVERSAL. . .. I. . . . 3605

TABLE IX. Critical exponents and amplitudes deduced from turbidity measurements. Data are fitted to formula
(A1).

System Parameters go (A) vo(10 ' cm ')

A-C

N-M'

[ All free

I y, v imposed

(
All free

'

y, v imposed
')/, v imposed

JA11 free

jy, v imposed

1.250+0.076
(1.240)

1.24+0.10
(1.240)
(1.240)

1.29+0.18
(1.240)

0.626+0.028
(0.630)

0.631+0.045
(0.630)
(0.630)

0.62+0.09
(0.630)

2.68 +0.31
2.45 +0.05
3.6 +0.8
3.625+0.065
2.36 +0.30
2.4 +3
2.40 +0.20

3.0 +1.5
3.05 +0.06
1.1 +0.8
1.08 +0.02
0.027+0.006
1.7 +1.8
2.69 +0.15

0.863
0.804
0.453
0.454
0.752
0.825
0.472

'Data from Ref. 32.
Data from Ref. 33.

0.1—
A-c:hx

(1=0.8

e

~ ~ ~e .ee~ ~ I ~ e h+d,
~ ee ~ ~ qe-eeee ~v-e ~ e ~e Je% hsa1 e. s

tudes ro and go. The results are reported in Table
IX, and the deviations to the most significant fit
are shown in Fig. 7.

The I-W, T-W, and N-M systems are not very
turbid, and the scattering contributions near T,
remain negligible. No data very close to T, have
been reported for the C-P mixture. The use of
thin samples of C-A have made the contribution of

scattering negligible, and has allowed accurate
measurements to be made near T, . This was not
the case for the N-H system, which is highly tur-
bid; the data, their analysis, and a complete discus-
sion for this particular system can be found in Ref.
21.

The fitting procedure that we used is non-

linear. The data statistical quality of the fit is
measured by the coefficient Q, which is equal to
one only when the deviations are purely random.
The uncertainty on the parameters corresponds to
about two standard deviations of a least-squares
fit.

- 0.1

i-w: hx

(b) t1=0.45 APPENDIX B: SPECIFIC-HEAT-DATA
ANALYSIS (I-W)

0.01. —

-0.01:

0.1—

-0.1—

~ ~ ~ ~
~ ~

~ ee

~ ~

c-p:ht

0.001

T-w:h, p

~e ~ ~

~ ~ ~ ~ e ~

~ ~ e ~ e

t1=0.47

~ ~

G.(~ )=0.64

h 0 0 0
C7 ops cl

t1(o)- 0 95

0.1

~ ~

~ ~e

~ ~ ~ ~ e ~
~ ~ ~ ee ~ The specific-heat data from Ref. 56 which con-

cern the I-W mixture in the homogeneous region
T & T„have been fitted to the formula (4) where
the corrections to scaling have been found to be
negligible, i.e.,

Ch, /kii ——2 +/a+ Ca

A+ and Cz+ were the adjustable parameters, and a
was fixed to its theoretical value a=0.110. The
following numerical values were found: A+
=(0.362+0.01S)X 10 ' and Cz+ ——(2.4+0.4)10
cm . The statistical quality of the fit was very
good (factor of Q=0.936).

FIG. 7. (a), (b), and (c) Deviation hv between the ex-

perimental values of the turbidity and the "best" calcu-
lated values reported in Table IX. (d) Deviation b,p be-
tween the density data of the triethylamine+ water sys-
tem and the best fits of Table X. Full circles corre-
spond to the inhomogeneous region T ~ T„open circles
to the homogeneous one T & T, .

APPENDIX C: DENSITY-DATA
ANALYSIS (T-W)

The density of the T-% mixture, from Ref. 57,
has been fitted to the following function, directly
deduced from the formulas (4) and (18):
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TABLE X. Fit of the T-W density data from Ref. 56 to formula (C1).

pi

T(Tc

homogeneous

Without
corrections

With
corrections

aa,+ =—4.45

0.015+0.015
(0.15+0.02)

imposed

0.21+0.05

(0.17+0.02)
imposed

0.26+0.01
0.19+0.01

0.20+0.03

0.233+0.013

0.503
0.759

0.770

0.954

T) Tc

inhomogeneous

Without
corrections

With
corrections

aa, = —4.45

0.73+0.22
(0.16+0.02)

imposed

0.87+0.13

(0.17+0.02)
imposed

0.3+0.1
0.S37+0.011

0.2+0.1

0.640+0.016

0.814
0.750

0.850

0.639

p
—=p, +p~ r+p2t (1+aa,—r ) .

The coefficient p& can be related to the regular
thermal expansion coefficient

TABLE XI. Thermal derivative of the refractive in-

dex: (Bn/BT)~; in the aniline-cyclohexane system.
T, =29.50 C, from Ref. 34. Accuracy on (Bn/BT)~; is
about 8X10

+ +
regs, p) (p, T, ),——- (C2)

and pz to the amplitude of the specific heat A -+ by T —T.

Bn

()T
(X 10-' K.-')

a(1 —a)
dT,

k~
vi

+
P2 ~ (C3)

Because of the small t range investigated, the ex-

ponents have been always imposed to their theoret-

ical values ca=0.110 and 5=0.50, and the
correction-to-scaling amplitude has been either set
to zero or imposed to the value a a,+ = —4.45
found in Ref. 46 and assessed in Ref. 16. From a
theoretical point of view, a,+ is expected to be

equal to a, . Also the regular contribution has
been estimated, within 13%, at the ideal value. In
Table X are reported the results of such a fit. It is

interesting to note that the introduction of correc-
tions modifies the amplitude values and, in the re-

gion (+ ), increases the statistical quality of the fit,
measured by Q. See also Fig. 7(d) where the devia-

tions are plotted.
%'e think that the more reliable values are those

obtained with the correction-to-scaling terms and
with the regular contribution estimated; these
values have been reported in Table III.

13.5
9.5
8.7
8.5
8.2
8.0
7.8
7.5
7.0
6.5
6.0
5.7
5.0
4.8
4.3
3.8
3.4
2.8
2.6
2.3
1.9
1.8
1.3
0.8
0.3

5.308
5.498
5.393
5.260
5.498
5.S07
5.545
5.440
5.498
5.531
5.450
5.521
5.498
5.507
5.440
5.474
5.640
5.474
5.640
S.426
5.521
5.640
5.640
5.593
5.73S
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APPENDIX D: REFRACTIVE-INDEX
DATA ANALYSIS (C-A, N-I)

Cul C + (D2)

The data on the C-A system come from Ref. 34,
and have been listed in Table XI. Only the slope
(Bn /t)T)p, is available, in a range t =10 —0.05.
Indeed the high turbidity of this system prevents
accurate determinations to be made close to T, .
These data were compared to the derivative of for-
mula (22):

~ reg

u, l
pf

' —n =T
p, c

t R ft—f'

the mass fraction of one component, one easily ob-
tains, according to the Lorentz-Lorenz formula,
and the fact that the refractive index of the com-
ponents are closely matched,

- reg

aT
p

Bn

aT
p

Rt1

Tc

+
Bc

(D3)

with (Bn/BT)p & and R as adjustable parameters.
T, was set to 303 K (Table XII), and a to the
theoretical value 0.110. In order to improve the
accuracy of the results, we have estimated the ideal

value (Bn/BT)p, assuming . volume additivity. Us-

ing (Bn/t)T) =—(5.1+0.1)10 K ' from Ref. 58
(the uncertainty has been estimated by us) for ani-

line and (Bn/BT)p ———(5.561+0.006)10 K
from Ref. 47 for cyclohexane, we get (an/aT)pd
= —(5.30+0.08)10 K '. Only when the regular
part was estimated at this value was a significant
accuracy obtained for R. In fact (Bn /d T)p s was
not strictly fixed, as shown in Table XII, where the
obtained value is slightly different from the start-
ing value, and where the accuracy is increased.
The experimental data have influenced the final re-

sults, but with a statistical weighting smaller than
the starting value of (Bn/BT)p &. The statistical
quality of the fit is very good, as shown by the Q
value which is nearly equal to one.

We have also reanalyzed the refractive index

data of Ref. 49, obtained in the two-phase region
of the N-I system. With u (I) denoting the upper
(lower) phase, and with

+(—) refers to the u (l) phase. The fit whose re-
sults are shown in Table XII has been performed
with n„R, [(Bn/Bc)p r B] free, and a(=0.110)
and P(=0.325) imposed. Following the arguments
develoPed in Ref. 40, the value of (Bn ldT)p's has
been imposed within the known uncertainties.
When one compares the R value with R+ from
Ref. 40, correcting for the different definitions of
R, one finds R+/R =0.56+0.09, a value reported
in Table III. Note that the value of
[(Bn/Bc)p r.B] which is found here is in full

agreement with that reported in Ref. 49.

APPENDIX E: COEXISTENCE-CURVE
ANALYSIS (C-A, N-M, N-H, AND C-P)

All data have been reduced in volume fraction

y, assuming volume additivity. However this as-
sumption may fail for systems with strong
nonideality, which are not considered here. The
relationship

g 1 1 p0+pOC1
—1 —1

has been used, with c~, the mass fraction of com-
ponent 1 and po ——pi/p2 the ratio of mass densities

TABLE XII. Fit of the formula (D1) to A-C data (Bn/BT)~;, and of the formula (D3) to
N-I data (n).

System
(A, =6328 A)

(Bn /BT)p'&

(x10 ' K.-')
R

(x 10-')
[(au /ac), ,B]

(X 10-')

A-C'
(+) region

N-Ib

( —) region

(—5.17+0.07)
iIQposed

(—4.779+0.010)
imposed

—0.7+0.2

—0.513+0.052

(0.110)
imposed
(0.110)

imposed
12.1+0.4

0.960

0.599

'Data from Table XI.
bData from Ref. 49.
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TABLE XIII. Determination of the coexistence curve parameters (Eq. E3).

f'c
System measurement (First component) am

A-C Density' l
0.3610+0.0012

0.3610+0.0015

29.915
imposed

0.97+0.03 0.9+0.4

1.03+0.03

0.650

0.529

0.532

N-M Density

N-H Visual'

0.3575+0.0040

0.356+0.001

. 0.356+0.001

0.370+0.003

0.37+0.01
0.377+0.003

26.472

imposed
0.852+0.001 0.3+0.1 0.10+0.05

0.865+0.001

19.01+0.06 0.770+0.006

0.10+0.5

0.258+0.003

19.02+0.09
19.06+0.07

0.770+0.008
0.767+0.007

0.28+0.26
0.61+0.08

0.852+0.005 0.3+0.1 0.25+0.02
imposed

0.5+0.1

0.5+0.1

0.650

imposed

0.7+0.4
(1 imposed)

0.593

0.625

0.547

0.274

0.259
0.230

C-P Visuald
l0.5525+0.0003 28.4710+0.0006 0.844+0.013 1.6+0.6 0.949

I
0 504+0 030 28 4720+0'0006 0'85+0'01 1'2+0 6 0'05+0'03 0'010+0'003 0'762

'Reference 69.
Reference 70.

'Reference 61.
Reference 37.

of pure components 1 and 2. When the mass den-

sity p&' of component 1 in the upper (lower) phase
is known, one can deduce q from

y"'=(p~' —p2)/(p~ —p2) . (E2)

(E3)

where P=0.325 and b, =0.50 were imposed. The
parameters y„T, which appear in

The thermal variations of pt, p2 have been account-
ed for. The data have been fitted to

t =
~

(T T, )/T, ~—, B+, a, and E are free p' is.
either free, or imposed to 1 or 2&

——0.65 when a
first fit shows that E is different from zero. All
results are given in Table XIII. One can notice
that for all systems the value of the amplitude 8~
does not vary very much according to the different
assumptions. Corrections to scaling have been
found somewhat significant only in the C-P sys-
tem. We have considered as more probable the
determinations performed in the first line for each
system, and reported the corresponding amplitudes
in Table IV.
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