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Critical behavior of the refractive index in a binary fluid 
D. Beysens and J. Wesfreid 
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Resonance Magnetique, Cen, Saclay, Boile Postale No.2, 91190 Gil Sur Yvette, France 
(Received 30 November 1978) 

We have performed very accurate interferometer measurements of the refractive index n (precision 
± 6 X 10-7) in the critical mixture nitroethane-iso-octane. n depends on the density p and local field 
effects F. Even though this mixture is expected to show a very sma)) anomaly in ~p/p (exponent a) so 
that local field effects should have been observed, in fact we never saw a contribution due to F and the 
critical behavior of n is governed by the density anomaly alone. Using the matching of refractive index 
components and of thermal derivatives, the regular part of n can be evaluated and the value a = 0.1O±0.02 
is found, in agreement with the group renormalization value 0.110. The corresponding amplitude is 
compatible with the value obtained from ~o and (oTc/op)v.xc measurements using universal amplitude 
relations. 

Only a few theories and experiments deal with the re
fractive index behavior near the critical transition 
temperature T e of a pure fluid or a binary mixture. A 
very high accuracy is needed in order to examine criti
cal distortions, which are connected with the behavior 
of (i) the density p and (ii) the local field correction F. 
This dependence appears in the generalized Lorentz
Lorenz formula1 

(1) 

where n is the refractive index of a binary fluid com
posed of species i (P, per unit volume) and with polar
izability a , • 

A density anomaly has been observed in several mix
tures. 2 The coefficient of thermal expanSion a/l. x 

= - (1/ p)(ap/aT)/I.x at the critical composition x =xe ex
hibits the same power law divergence (exponent a- 0.1)3 
as the specific heat CII• x through the thermodynamic re
lation (p is pressure, V is volume) 

(2) 

However, only one measurement4 has been performed 
in order to determine a refractive index anomaly. The 
results were interpreted only in terms of a local field, 
neglecting the influence of the density anomaly, and the 
sample which was studied was not at the critical com
position. 

In order to clarify this situation, we performed a set 
of high accuracy interferometric measurements (lin 
'" ± 7 x 10-7

) on the binary mixture iso-octane (1)-nitro
ethane (2). This system, whose critical composition is 
now well known, 5 is composed of liquids with nearly per
fectly matched refractive indices (.o.n = 1 X 10-3 at 
Te '" 30°C 5); thus, the uncertainty due to the turbidity is 
not present. Moreover, the coefficients (an/aT) are 
equal within a few percent, allowing interesting simpli
fications to be made. A possible troublesome aspect is 
the gap in the denSities (d1 =0. 6937, dz = 1. 0404 at 30°C, 
g cmoS) which would lead to density gradients. However, 
we will see that, with the experimental method used 
here, the measurements are not affected by such effects. 

I. EXPERIMENTAL 

The sample is the same as in Ref. 5, i. e., prepared 
from distilled nitroethane whose purity was better than 
99. 59G as controlled by chromatography and NMR mea
surements. The iso-octane used had the quality "refer
ence substance for gas chromatography." The iso-oc
tane experimental mass fraction was C1 = 0.5344 ± 0.0008 
(critical mass fraction O. 5350± 0.0006 5). The mixture 
was prepared in a cylindrical quartz cell (radius 1 cm, 
length l = 5. OOO± O. 002 cm), then frozen in liquid nitrogen, 
and sealed under vacuum. All experiments are then car
ried out at the vapor pressure of the mixture, i. e., ap
proximatively at constant pressure since the boiling tem
peratures are (1) 99°C and (2) 115 °c. 

The cell was placed into a thermally stabilized copper 
oven, itself placed inside an air regulated box, the whole 
giving a stability of ± 5 x 10-4 °c over more than 1 week. 

The interferometer that we used was the cell itself, 
illuminated by a laser beam (A = 6328 A, 6 mW power). 
The experimental setup is the same as in Ref. 6, and 
is insensitive to vibrations and temperature gradients, 
outside the sample. 

The uncertainty, due to the frequency drifts of the 
laser and the thermal stabilization, is about O. 1 fringe, 
i. e., lin "" 7 x 10-7• Only the expansion of the quartz cell 
has to be accounted for as a parasitic variation of the 
optical path. With a linear thermal expansion coeffi
cient (1/l)(al/aT) '" 4 x 10-7,7 this variation leads to a 
correction of (.o.n/.o. T) "" + 6 X 10-7 °C-1• 

Since the laser beam diameter is small (0.5 mm), 
the refractive index is measured at a constant height, 
here nearly in the middle of the sample where the me
niscus is situated below Te' Therefore, the composi
tion remains critical even if gravity effects forms a 
density gradient. 8 The appearance of these composition 
gradients must deviate the beam in the sample and some
what disturb the fringes; this, however, was never visi
ble, perhaps because the equilibrium time which is 
necessary to form a density gradient is very long. 5•8 

We also started from a thermal equilibrium state T I 
to reach another thermal equilibrium state Tf" About 
1 h was sufficient to reach this equilibrium, since the 
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thermal diffusivity of a binary mixture exhibits only a 
weak anomaly near T c' 9 The fringes were recorded on 
a photodiode between the two temperature levels (in 
order to estimate the interference order integer num
ber), and the fractional part was directly measured on 
the photodiode pinhole plane. The refractive index 
variation An was inferred from the corresponding inter
ference order number AP by the relation ~n '" (Ao/2l)AP 
'" 6.328 X 10-6 ~p. 

The critical temperature (Tc "'" 30°C) was determined 
by the sudden increase of the slope An/AT as reported 
in Ref. 5, due to the composition variation when the 
phase separation process takes place. The accuracy on 
Tc is of the order of magnitude of the thermal regula
tion (± 5 x 10-4 °C), so the uncertainty on T - To is about 
± 1 x 10-3 °c. The measured critical temperature was 
(weakly) related to the temperature Ta of the interme
diate thermalized housing, showing a small temperature 
gradient between the sample and thermometer. For the 
same Ta, we detected no Tc drifts during the duration 
of the experiment (3 months). 

Six sets of experiments (90 points) have been re
corded with the temperature T-Tc in a logarithmic 
scale (range 4.5-1 x 10-3 °C). In order to take into ac
count a possible nonlinearity of the thermometer or 
other unknown sources of uncertainties, we also studied 
separately each component of the mixture (see below). 

II. THEORETICAL BACKGROUND 

It is well known that in mixtures, as in pure fluids, 
the Lorentz-Lorenz formula (L-L) is not strictly veri
fied, leading to discrepancies "'" 1% when calculating n, 
and deviations up to 5%-10% when calculating the deriv
ative (an/aT)p.l0 Electronic overlaps and distortions of 
the molecular framework contribute to the discrepancy; 
nevertheless, this "local field" deviation F can be 
mainly attributed to density correlations, 10 leading to 
the general formula (also valid in binary fluids) 

( :;) = _Ip :pn) ap,x 
P,x \j P.% 

I an )L-L [ 1 (aF) ] 
= - \p ap p,,, ap,x 1 + 1 - F \f ap ,.x ' (3) 

where the superscript L-L means that the value is cal
culated following the L-L formula. 

F can be evaluated as a series expansion1,10-12 F=FI11 

+F\21 + •• " where the first term is negligible except 
near the critical point and is expected12 to be alone re
sponsible for a critical effect. The second term ex
piains10 the (an/aT)p values as calculated by Eq. (3) in 
fluids far from their critical point, and is therefore 
concerned with the regular contribution. Nevertheless, 
it includes also critical effects, but of higher order than 
FIll and thus probably negligible. 

It is therefore possible to separate a regular contri
bution and a critical dependence in the refractive index 
variation, when the local field alone is concerned. In
deed, as pointed out above, a,.x

c 
also shows a critical 

behavior governed by the exponent a. With E: = (T/T.) -1, 

(4) 

Finally, the refractive index variation can be separated 
into (1) a regular term, (2) a density diverging term 
(~pC), and (3) a local field anomalous contribution (llF"): 

where 

We will now discuss these three terms in greater detail. 

A. The regular term 

The calculation of this regular term is greatly simpli
fied since each component exhibits the same refractive 
index (within 0.1% 5), the same thermal variation a, 
(within 1.8%10), and the same thermal variation (an/aT)p 
(within 2%, see Table I). Moreover, the additivity of 
volumes, verified by means of a densitometer, 5 leads 
to mixing anomalies lower than 1%. Thus, the L-L 
corrections to the· refractive index (F(Z,) are nearly 
identical in both liquids, and cannot change very much 
when mixing. The value obtained with 

(7) 

is then exact within an uncertainty which is only a small 
part of the gap in the coefficients np (ani/aT)" i. e. , 
much lower than 2%. Using CPl =0.6321± 10-3

, CPz =0.3679 
± 10-3, and the values of Table I (with a =0), we esti
mate (an/aT)~· = - (4. 779± O. 01) x 10-4°1("1. 

B. The density anomaly contribution (b.pc) 

When the quantities (aTJap)v.x. and ~o (the amplitude 
of the correlation length at T = 2Tc) are known, the 
amplitude of the second term in Eq. (5) can be eval
uated from renormalization group theory: The ampli
tude of the diverging part Co of C"xc can be written (k is 
the Boltzmann constant and Pc is the critical density), 13 

where X"'" 1.60 X 10-2 is a universal dimensionless quan
tity 

C - kBX. 
0- apc ~~ , 

with the help of Eq. (2), this leads to 

(8) 

a~,:r: 1.60 X 1r2kB ..!.(aTc ) • (9) 
a~o Tc ap v'''c 

We know (aTc/ap)v.:r:c = (2. 6± O. 5) x 10-8 
OK Pa-1 following 

Ref. 14. From light scattering intensity measure
ments, 15 ~o =2. 9± O. 6A. (In a nearly critical sample, 16 

~0=2.9±0.4 A.) Other measurements, based on the 
Rayleigh linewidth,17 gave ~o = 3. 25 ± 0.06 A, but the 
sample was only nearly critical and contained at least 
3% water impurity, the effect being to increase ~o. So 
a reasonable value seems to be ~o = 2.9 ± &~. With the 
value a = O. 110, calculated from the renormalization 
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TABLE I. Fit to ~= (8nIBT)~:" (T- Te)+R(T- Te)1-a+A a~. 

Mixture Fit a{n) 

(90 points) number ( 8711 BT) ~~ (X 10-4)& R (X 10-6) a A (x 10-5) Q (X10-7) 

aF"= Ape = 0 1 -4.936±0.002 0.507 9.7 

ape = 0 2-1 - 4.931 ± O. 0016 -0.28±0.06 0.486 8.4 

and 
aF"", 0 2-2 -4.779+0.010 -4.1±0.5 0.285 5.9 

Imposed 

3-1-1 -4.727 ±O. 88 -23±88 0.075±0.32 0.519 7.3 

aFc=o 3-1-2 -4.803±0.021 -15±2.5 0.110 0.517 7.8 

and Imposed 

Apc", 0 3-2-1 -4. 779± O. 010 -18±1 0.10± O. 02 0.548 11 
Imposed 

3-2-2 -4.779±0.010 -18±1 0.110 0.495 7.7 
Imposed Imposed 

4-1-1 -4.779±0.54 -18±52 0.12±0.4 0.11±0.15 0.535 7;4 

a,r '" 0 4-1-2 -4. 810±0. 034 -14±4 0.110 0.014 ± 0.10 0.534 7.9 

and Imposed 

aFe", 0 4-2-1 -4.779± 0.010 -18±1.2 0.116 ± O. 025 0.11±0.1l 0.535 7.9 
Imposed 

4-2-2 -4.779±0.010 -18±1.2 0.110 0.08±0.4 0.535 7.8 
Imposed Imposed 

Iso-octane 5-1 -4.8479±0.0008 0.661 5.4 
(25 points) 

5-2 -4. 958±0. 63 74.7±63 0.023±0.13 0.642 4.2 

Nitroethane 6-1 -4. 6606± O. 0017 0.673 14 
(18 points) 

6-2 -4.695±0.63 3.5 ± 63 -0.O24±O.5 0.661 10 

&In the given vabe of (8nIBT)~~, the correction to the cell expansion is needed, i.e., add + O. 006 X 10-4 for 
absolute values. 

group theory, 3 and T C = 303 0 K, 5 we have 

O!~,:< = (6. 8± ~:g)x 10-6 OK -1 • 

Assuming the Lorentz-Lorenz formula to evaluate 
[p(an/Bp)]p,:< (the error from a more rigorous calcula
tion cannot exceed about 10%), 

Ip :n) = (n2 _1)/n
2

6
+2) =0.439 , (10) V p P,,,,c \. n 

with n = 1. 3865,10 X = 6328 A, and T = 30 °c. The corre
sponding amplitude is 

T" R =p(an/ap) O!0 ~ = _ (6 4± 7.9)x 10-6 o~1+a ""c P,,, 1 _ O! • 1.8 • 

(11) 

C. Local field correction (l:.Fc) 

From Ref. 4 and assuming the exponent 1/=0, the 
contribution from the critical density correlations in the 
L-L formula can be written 

AFC =AAFg =A ~ + _____ .rn;..z ____ ----..] 

L n2 +2(5-n)Z(1-exp_ 3~na) 

x [arctan~n; 1 ) + arctan (n ~ 1)] ' (12) 

where b-1
o
=Ko ~ = (21T /Xo) ~o €-v "" O. 105 (T - T ctO. 83 at 

Xo = 6328 A. A is a positive coefficient which is equal 
to zero if 0!1 = O!a' In Ref. 12, for a pure fluid, the value 
A"" 5x 10-5 was calculated. Experimental data of Ref. 4 
in a binary mixture lead to the value A "" 2. 5 x 10-5 • 

III. RESULTS AND DISCUSSION 

In order to analyze the data, we used a program of 
statistical refining due to Tournarie. 18 To estimate the 
quality of the fit, we considered the deviation between 
the calculated and measured values, and the distribution 
of the errors measured by a quality coefficient Q. This 
parameter equals 1 if the errors are randomly dis
tributed, but is drastically lowered if a systematical 
distortion occurs. Also, the mean error a(n) can be 
determined. 

First, we fitted the data concerning pure nitroethane 
and iso-octane to the same kind of variation as the mix
ture (except for the aF" anomaly) in order to detect 
a possible nonlinearity between the temperature mea
surement and the refractive index recording: 

(13) 

(an1,a/aT)" R, and a are the adjustable parameters. 
The results shown in Table I (5-1, 5-2 and 6-1, 6-2) in-
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FIG. 1. Reduced deviation between the refractive index data 
and the theoretical variation when assuming (upper) only a 
local field correction and (lower) only a density anomaly. 

dicate a good linearity between nand T and allow the 
thermal derivative at constant pressur.e (anl/aT)p and 
(ana/aT)/> to be measured. (The comparison with Ref. 
10 data is in the error bars.) 

Secondly, we analyzed the mixture data with the for-
mula (7), i. e., . 

~ne=(an/aT)~: (T-Te)+R(T-Te)l-"+A~Fg. (14) 
e 

(an/aT)~: , R, a, and A are the adjustable parameters. 
e 

The first problem observed is that the existence of the 
a exponent makes the values of (an/aT);~ , R, and a 
strongly correlated. As can be seen in T~le I, 4-1-1, 
the uncertainties are so large that only (an/aT)~': can 
be determined. t c 

So other assumptions concerning the values of these 
parameters must be made. They can be conSidered in 
three ways: 

A. No anomaly: /:::'F'b = /:::,pc = 0 (fit 1) 

In this case, the fit quality is good but the value of 
(an/aT)~::e is anomalously high (bigger than in pure com
ponents), where the above assumptions would lead to the 
value (- 4. 779± 0.01) 10-1 

01('1 calculated above. The 
ratio (an/aT)~:/(an/aT)!~!<c = 1.0328 ± O. 0024. The hy
potheSiS of no anomaly at all is therefore not acceptable. 

B. Single local field anomaly /:::,F3 (fits 2) 

The quality of the fit (2-1) is also good. A high value 
of (an/aT);'':e is found, giving a negative value of A, 
which is an unphysical result. When (an/aT):::e is im-

posed, A remains negative and the fit quality consider
ably lowers: Q is low and a(n) is high (see Fig. 1). 
Therefore, the single local field anomaly cannot explain 
the data. 

C. Single density anomaly !:!.pc (fits 3) 

With (an/aT);: , R, and a free (set 3-1-1), it was not 
e 

possible to determine the R and a values, due to the 
correlations between these parameters. So we imposed 
a = 0.110 (set 3-1-2), then verified the compatibility of 
(an/aT)~:e with the calculated value (ratio 1.0050 
± O. 0024) and in the same way with R {ratio R/[p(an/ 
ap)/>.x) a1.xJT:/(1- a)] =2. 3± to}. 

We also imposed (an/aT)~~e' so we were able to de
termine a = O. 10 + 0.02 (set 3 -2-1 and Fig. 1) and R, 
which stays at about the same value. Imposing both 
(an/aT);:e and a =0.110 does not increase the accuracy 
on R (fit 3-2-2). 

Since the density anomaly is seen to fit the experi
ment well, a final fit is obtained by considering both 
anomalies. 

D. Both /:::'pc and /:::,Fc (fits 4) 

The first conclusion is that the coefficient A of AF e 

is never determined, and its amplitude does not go be
yond 1 x 10-6

, i. e., a value 25 times lower than ex
pected (2.5 x 10-5

). The results for (an/aT):~e' R, and 
a are the same as in the discussion of Sec. me. 

Therefore, the local field anomaly is not detected, 
which contrasts with the analysis of Hartley et al. 4 

In the system they studied (cyclohexane-methanol), 
where (aT/ap)v.x > 0, 19 we notice that their data far 
from Teare compatible with a single density divergence; 
the sharp anomaly detected can be analyzed as the phase 
separation process itself. This result is supported by 
the fact that the refractive index correction F is main
ly a function of the short-ranged part of the denSity cor
relation function, 10 which is weakly· affected by Te' 

IV. CONCLUSION 

We have detected a weak anomaly in the refractive 
index of a binary mixture near its critical demixing 
point which cannot be interpreted in terms of a local 
field. In fact, the influence of the local field could not 
be detected and the denSity anomaly is seen to govern 
the behavior of the refractive index. When the ideal 
value of the slope (an/aT)p.xe is imposed, both the ex
ponent and the amplitude R of the anomaly can be ob
tained. R is compatible with the values inferred from 
the ~o and (aTe/ap)v.!<c measurements, whereas a =0.10 
± O. 02 is close to the theoretical value O. 110. 

Nevertheless, this mixture shows only a very small 
density anomaly, so the method that we used, if applied 
to other systems, such as isobutyric acid-water (where 
R is expected to be 20 times bigger) or triethylamine
water (where R is expected to be 100 times bigger), 
would allow accurate values of a and R to be obtained. 
These studies are now underway. 
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