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High-resolution Rayleigh-Brillouin spectroscopy in the critical mixture
nitroethane-isooctane
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(Received 12 March 1981)

We report new measurements of the Rayleigh-Brillouin spectrum of a critical binary mixture and review the

existing data in this field. We used a double-pass Fabry-Perot interferometer and a weakly scattering system

(nitroethane-isooctane) so that the Brillouin lines were not affected by the wings of the Rayleigh line, even in the

immediate vicinity of the critical point. No anomaly was detected in the shift or width or intensity of the Brillouin

lines. From the ratio of the intensities of the Rayleigh and Brillouin lines we deduced the ratio of specific heats pp,

the correlation length g „and the susceptibility amplitude (ac/Bp)pT without any hypothesis about light-scattering

amplitudes. These values lead to an amplitude ratio R&+R, '" in full agreement with the theoretical values.

I. INTRODUCTION

The study of the dispersion and attenuation of
sound in critical systems has stimulated theoreti-
cal ' and experimental' "interest. The order pa-
rameter is not directly observable in this case,
but it affects the behavior of other physical quanti-
ties through couplings. In most experiments the
dispersion and attenuation of sound have been
studied with induced ultrasound. The anomalous
absorption observed in many systems has been
well explained by mode-coupling theories and dy-
namical scaling ' in the frequency range achiev-
able (c50 MHz}. These ultrasonic techniques are
accurate but subject to some spurious phenomena:
Large volumes are needed whose temperature con-
trol is difficult and the ultrasonic pulses can per-
turb the medium. Light scattering is not affected
by these difficulties but other problems arise,
mainly the strong increase of the Rayleigh scatter-
ing near the critical point (critical opalescence),
which can overwhelm the Brillouin lines. Thus,
special care must be taken such as using a multi-
pass Fabry-Perot (FP} interferometer in order to
achieve a very high contrast, or using a weakly
opalescent system. Finally, the frequency range
which the FP experiment investigates is much
higher than for ultrasonic experiments, typically
about 5 GHz.

The purpose of this paper is to report new ex-
perimental results obtained using both a weakly
opalescent system (nitroethane-isooctane) and a
double pass FP spectrometer, and to review the
status of the experimental situation.

Until now three systems have been investigated
by both ultrasonic and Brillouin techniques. Ultra-
sonic measurements have always shown weak neg-
ative anomalies in the sound velocity and strong
positive anomalies in the sound damping, whereas
Brillouin spectroscopy has detected either a corre-
sponding —but much bigger —anomaly in the sound

velocity (nitrobenzene+n-hexane, ' "nitroethane
+isooctane""), or no anomaly at all (nitrobenzene
+n-hexane, "nitroethane+ 3-methylpentane"), or
an anomaly in the other direction (triethylamine
+ water) .' An anomaly in the sound attenuation has
also been reported (nitrobenzene+n-hexane, ""
nitroethane+ isooctane' ). However, all the light-
scattering experiments which claimed the observa-
tion of some anomalies in the sound velocity or the
sound damping suffer from the same criticism,
namely, using a low-contrast spectrometer which

makes it impossible to obtain reliable results near
the critical temperature T,. This limitation still
applies to such a weakly opalescent system as
nitroethane+isooctane: We will see that the re-
maining Rayleigh scattering near T, is spectrally
20 times more intense than the Brillouin lines,
which can lead to erroneous conclusions.

II. THEORETICAL BACKGROUND

The spectrum of the light scattered at a transfer
wave vector q by a liquid mixture consists of three
contributions from the three independently decay-
ing thermodynamic parameters: concentration c,
entropy s, and pressure p." Each has the struc-
ture

s(n') '
&;(q, ~) =& &. &&TX,G, (q) s', (q, ~),

where & includes the geometrical and electromag-
netic factors and is the same for all variables
c, s,p;(s(n')/Si)' expresses the coupling between
the light and the fluctuation of the parameter i
(the other two are kept constant). The exact struc-
ture of this factor is still open to controversy. In-
deed, though we can calculate the change in local
polarizability, none of the proposed formulas has
been universally admitted. " However, since the
controversial part does not refer to any thermo-
dynamic variable, it is the same for all the con-
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tributions. Therefore, the ratios of these contri-
butions are independent of the c hoice of the formu-
la and we can use any one for their interpretation.
X, is the susceptibility associated with the param-
eter i (the other two kept constant) and ks is the
Boltzmann constant so that k~TX, , is the amplitude
of the thermal fluctuation of the parameter i.
These first three terms express the integrated
scattered light at zero wave vector. G,.(q) de-
scribes the angular dependence of the integrated
intensity, and so((q, &u) is a normalized function de-
scribing how this light is distributed in the fre-
quency space.

Since the concentration is the order parameter,
the associated susceptibility diverges near the
critical point as

where t is the reduced temperature difference (T
—T,)/T, and y the universal critical exponent
=1.24. Moreover, the correlation length $ of the
concentration fluctuations also diverges as

where v =0.63. Near the critical point this length
I

is no longer negligible compared to X so the func-
tion G, (q) significantly departs from unity for
typically T —T,& 0.3 K at a scattering angle of 90'.

The time behavior of the concentration fluctua-
tions is also anomalous but since the characteristic
frequency (0.5 to 50 kHz) is much smaller than the
resolution of our present experiment (100 MHz),
we can consider here the line S, =S,(q, (d) as a 5

function of the frequency.
The line S, =S,(q, e) associated with entropy

fluctuations is isotropic and low frequency
(5 MHz). Its intensity is given by

I Ak~T d n

C, —C„ksT s (n')
c„p, ep

where P, is the adiabatic compressibility.
The third contribution S, =S (q, (()) is due to

pressurefluctuations(Brillouin lines). Its spec-
trum consists of two symmetrical lines with respect
to the incident frequency. The displacement +vq is
related to the sound velocity v in the mixture. The
order of magnitude at a scattering angle of 90' is
4 GHz (2.5 &&10" radsec '):

P. a), , 2 (~+vq)'+ (rq')' (~ — q)'+(rq')') '

F, the attenuation coefficient of the sound wave, is expressed as

3 g$ + g + y —1 pD + —D — — +—

p is the mass density, D~ is the thermal diffusiv-
ity, D is the mass diffusivity, and K~ is the therm-
al diffusion ratio. The first term represents the
damping of sound by the shear viscosity p$ and the
bulk viscosity g~. Typically, at a scattering angle
of 90', the corresponding linewidth is in the range
500 MHz (3 && 10' rad sec '). This very high value
makes the contributions of the other terms neglig-
ible, which corresponds to the coupling with the
entropy mode (linewidth =5 MHz) or to the mass
diffusion mode (linewidth ~5 kHz). So we can
write

r =—(—,ps+ ps) .1 4

Other contributions, such as depolarized lines
which cannot be resolved because they are too
broad, look like a flat background B (see below).
Other contributions such as quasielastic scatter-
ing from dust in the sample, etc. , add a nearly
Dirac function D5((d) to S(q, (d).

I

Finally S(q, (d) can be put under the following
form (Fig. 1):

S(q, (()) = S,(q, (()) + S2 (q, (d ) + 2S, (q, (d) +D5 ((d) +B .

III. EXPERIMENTAL

Close to T, the intensity from the line S~(q, (d)

strongly increases, giving rise to spurious effects.
So we used both a system where (s(n')/&c)» is
very low and a high-contrast FP spectrometer.

This mixture consists of nitroethane and isooc-
tane, the refractive indices of which are matched
within -10 '." We already used the very same
sample for refractive index'~" and depolarized
scattering measurements. The purity of nitro-
ethane was better than 99.5%, as verified by chro-
matography and NMR measurements. The isooc-
tane used had the quality "reference substance for
gas chromatography. " The isooctane mass frac-
tion was c =0.5344+ 0.0008, close to the critical
value 0.5350+0.0006." The mixture was frozen
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FIG. 1. Schematic Rayleigh-Brillouin spectrum of a
binary mixture. In an actual experiment, the three
central lines appear as a single apparatus function, and
the whole spectrum is periodically repeated with pos-
sible overlaps of the Brillouin lines.
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FIG. 2. Experimental setup. N), N2, N3 are attenua-
tors, L f L4 are lenses. T is a pinhole. When the chop-
per T, is open, the system records an apparatus func-
tion from the elastic scatterer $. When T2 is open,
laser light is sent through the interferometer for syn-
chronization. Fringes are formed on the plane of the
photodiode by the beams reflected from both walls of the
cell.

in liquid nitrogen and sealed under vacuum.
The cell was placed into a thermally stabilized

copper oven, itself enclosed in an air-regulated
box allowing a thermal stability of +2 X10 K to
occur for more than one day, as verified by a
quartz thermometer.

Owing to the nearly perfect matching of the re-
fractive indices, no visible opalescence occurs at
T„and even the meniscus is hardly visible.
Therefore, special care was necessary to deter-
mine the critical temperature. We set up an ex-
periment as in Ref. 23, where the beam reflected
from the input window of the sample interferes
with the beam reflected from the output window.
This is a very simple, sensitive, and accurate way
to determine the refractive index variation. At T„
due to the phase-separation process, the variation
of the refractive index with temperature increases
sharply. ' Moreover, the equilibrium value is
reached only after a very long time. This allows
us to determine accurately the critical tempera-
ture. The value was T,=30.1605+0.0015 C. The
absolute value is accurate only within 0.1 'C.

The light-scattering setup (Fig. 2) is almost the
same as in Ref. 24 except for the laser which
worked on a single mode with a power of about 250
m% at a wavelength X= 4880 A. Near the critical
point, heating by the laser beam was detected in
the sample (about 0.5 mK/mW), so the power had
to be reduced down to 1 mW.

The mean scattering angle was 90'+ 5'. The re-
fractive index extrapolated at 4880 A and 30 C
from Ref. 25 isn = 1.392+ (1 x 10 ) (for acomplete
discussion see below). The mean transfer wave
vector is q = (2.534+0.002) x10' cm '. The aper-
ture angle was about 1', broadening the Brillouin
lines certainly no more than 35 MHz (2.2 x 10
rad sec '). This is completely negligible with re-
spect to other broadenings, such as the apparatus
function (AF) of the spectrometer (see below), as
shown by the similarity of the spectra recorded
with the full aperture and with the aperture re-
duced by a factor of 3.

In order to calibrate the intensity, we recorded
every 20 sec the elastic light scattered from a
solid opalescent medium, used as a standard,
which was illuminated by the transmitted beam.
The corresponding spectrum looked like an appa-
ratus function. This allows us to know the exact
shape of the apparatus function, which can vary in.

time because of misadjustments, and to automati-
cally correct for the variations of the laser intens-
ity, the transmission of the FP, etc. , though we
found a posteriori that this last factor kept re-
markably constant.

The free spectral range (FSR) of the FP was
5.92+0.01 GHz. It was determined by measuring
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TABLE I. Measured values of the Brillouin shift (&v)
and linewidth (I") and the intensities of the Rayleigh line
g&), the Brillouin lines (2I&), and the background

(B). These intensities are referred to as the elastic
scatterer (I~) so that their scale is arbitrary.

TABLE 1. (Continued. )

T T gv 1 IR 2Ig
C

N ( C) (GHz) (MHz)

~I

IAF

01
02
03
04
05
06
07
08
09
10
11

12
13
14
15
16
17
18
19
20
21
22
23

T —Tc
('C)

60.64
52.44
47.64
43.34
39.14
36.64
34.74
29.34
23.64
18.14
13.74

9.95
6.2675
4.25
3.968
3.7345
2.83
2.54
2.03
1.7345
1.695
1.18
1.135

Ev
(GHz)

3,4185
3.561
3.647
3.708
3.7885
3.838
3.8665
3.9625
4.071
4.1555
4.254

4.3065
4.381
4.410
4.419
4.430
4.435
4.4555
4.446
4.465
4.467
4.465
4.4755

r
(MHz)

241.9
241.9
249.8
253.7
273.2
265.4
277.1
284.9
300.5
304.4
312.2

327.8
331.7
339.5
343.4
339.5
351.2

343.4
351.2
351.2
347.3

0.270
0.265
0.270
0.270
0.270
0.275
0.280
0.280
0.275
0.285
0.290

0.30
0.305
0.33
0.35
0.36
0.37

0.445
0.46
0.47
0.57

2I~
IAF

1.92
1.85
1.72
1.50
1.63
1.73
1.50
1.47
1.23
1.57
1.25

1.18
1.17
1.20
1.21
1.17
1.13

1.11
1.08
1.11
1.20

0.72
0.685
0.65
0.57
0.615
0.67
0.59
0.58
0.475
0.63
0.52

0.50
0.50
0.555
0.60
0.59
0.585

0.69
0.70
0.735
0.96

0.68
0.72
0.69
0.61
0.75
0.83
0.72
0.76
0.63
0.93
0.85

0.82
0.86
0.88
1.03
0.96
0.97

0.92

0.93
0.89

51 0.1490 4.486 351.2 2.60
52 0.1375 4.496 347.3 2.75
53 0.1315 4.490 351.2 2.84
54 0.1213 4.4845 359.0 2.85
55 0.1195 4.489 355.1 3.25
56 0.1114 4.4915 359.0 3.20
57 0.1018 4.497 362.9 3.50

0.99
1.06
1.11
1.19
1.14
1.13
1.09

58 0.092 4.486 355.1
59 0.079 4.499 351.2
60 0.070 4.490 347.3
61 0.063 4.4955 355.1
62 0.059 4.493 351.2
63 0.047 4.492 355.1
64 0.035 4.495 355.1
65 0.026 4.491 343.4
66 0.024 4.495 362.9
67 0.018 4.487 355.1
68 0.0125 4.494 359.0

3.60 1.13
4.00 1.11
4.20 1.09
4.70 1.12
4.40 1.11
4.75 1.17
5.50 1.06
5.90 1.11
5.85 1.10
6.05 1.10
6.50 1.04

IV. RESULTS AND DISCUSSION

A. Hypersound velocity

69 0 0022 4489 3512 6 50 1 11
70 0.0010 4.496 359.0 7.50 1.15

3.60 0.90
4.10
4.40 0.89
4.75 1.10
5.20 1.12
5.05 1.11
5.25 1,26

5.7 1.21
6.25 1.26
6.4 1.10
7.4 1.20
6.9 1.08
7.8 1.12
8.2 1.07
9.2 1.10
9.0 1.12
9.3 1.09
9.5 1.02

10.1 1.10
12.0 1.15

24
25
26
27
28
29
30
31
32
33
34

35
36
37
38
39
40
41
42
43

44
45
46
47
48
49
50

0.84
0.755
0.7455
0.6895
0.6203
0.5747
0.565
0.560
0.469
0.4325
0.356

0.28
0.2762
0.270
0.2655
0.2433
0.2415
0.2375
0.2185
0.2180

0.1985
0.1970
0.1918
0.1765
0.1698
0.1673
0.1568

4.479
4.4755
4.482
4.477
4.486
4.482
4.482
4.482
4.483
4.488
4.485

4.482
4.493
4.495
4.492
4.493
4.486
4.493
4.4915
4.478

4.4955
4.492
4.494
4.486
4.492
4.495
4.493

351.2
343.4
351.2
347.3
359.0
359.0

351.2
347.3
355.1
343.4

347.3
355.1
359.0
359.0
347.3
355.1
347.3
355.1

359.0
362.9
347.3
355.1
359.0
355.1
351.2

0.69
0.755
0.745
0.81
0.90
0.93

0.945
1.07
1.14
1.30

1.60
1.625
1.76
1.86
1.73
1.94
2.00
1.95

2.20
2.16
2.25
2.40
2.43
2.57
2.65

1.06
1.09
1.17
1.23
1.12
1.04

1.12
1.19
1.28
1.05

1.15
1.12
1.16
1.07

1.15
1.16

1.11
1.12
1.09
0.96
1.07
1.10
1.09

1.02
1.16
1.22
1.39
1.42
1.35

1.49
1.78
2.04
1.92

2.54
2.56
2.86
2.79

3.13
3.26

3.42
3.40
3.45
3.22
3.66
3.97
4.05

0.87
0.85
1.08
1.00
1.16
0.82

0.93
0.95
1.20
0.96

1.17
0.93
0.89
0.86
0.97
0.87
0.86
1.04

0.85
0.90
0.81
0.97
0.85
0.86
0.85

Primarily we have determined the hypersound
velocity of the pure components. The setup which
consisted of 2 FP in tandem allowed the velocity
to be determined at two frequencies: High fre-
quency with only the plane FP (back scattering 8
= 150, shift 4& = 5 GHz, and "low" frequency
with the plane FP used as a filter and a confocal
FP used as an analyzer (forward scattering 8

=25', he=1 GHz). The velocities v=2m«o/q
are listed in Table II, where they can be compared
to ultrasonic measurements at 24 MHz. The un-
certainty is typically 1%, and is due chiefly to the
uncertainty on q (see below). A weak positive dis-
persion can be deduced, which is commonly found
in liquids. This dispersion was already detected
with ultrasonic measurements. "

The nitroethane-isooctane mixture is ideal with-
in 1% with respect to the volume additivity. " We
consider the relationship v = (pP, )

' =(ap/~P), ',
and the volume additivity, which lead to the dens-
ity formulation p '=cp, '+ (1 -c)p,' with c the mass
fraction of isooctane. Subscripts 1 and 2 refer to,
respectively, isooctane and nitroethane. In this
case, it is straightforward to deduce the ideal
velocity v« from the velocity of each component
v, andv, :
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Nitroethane -Isooctane q= 2.530&10 cm

where, respectively, a +10% and -10% shift anom-

aly has been observed close to T,. I et us notice,
however, that the FP technique used (single pass)
is not well adapted to these opalescent mixtures,
as we have discussed above, so these data cannot
be regarded as conclusive.

From the Brillouin shift ~ p, it is straighgor-
ward to obtain the hypersound velocity v =2m &v/q.
The shift, being a linear function of T, can be
written as

4.5 —. ~ o~~ ~ re yeeaeoly%~ue soaps
~Mg

I I I I IIII 6v= Dvq+ (T Tg)
d(c v)

4.0—

3.5—
I

0.001

(b)

I I I I III I I I I I I II' I I I I I I III I I I I I I III

0.01 0.1 1 10
T-T ( K)

I I I I IIII

100

The critical anomaly of the refractive index has
been found negligible in this mixture. ""We can
therefore write

1 d
q=q, 1+——(& —&,)

nc dT p

so that
FIG. 4. Plot of the Brillouin shift versus the tempera-

ture in linear and semij. og coordinates. No anomaly has
been detected. The dotted line shows the results of
Aref'ev et al. (Ref. 16).

(pn„) '=c(p,v, ) '+ (1-c)(p,v, ) '.
The value found for the nitroethane-isooctane sys-
tem is in Table II, together with that found for the
nitrobenzene-n-hexane mixture, where hypersonic
measurements are available in the literature. In

both cases, comparison with experimental data
shows relatively good agreement, within 4-5%.

The Brillouin shift of the mixture has been ob-
tained with an accuracy better than 0.5%, this un-

certainty taking into account the nonlinearity of the
FP scanning. Figure 4 shows unambiguously that
within a 0.5% precision, no anomaly of the shift
can be detected in the range T —T, =1 mK-60 K,

(t = 3.3 && 10 -0.2). Only a linear dependence is
seen, which is compatible with the hypersonic data
of Aref'ev et al. ' (no anomaly within 1%) and the
ultrasonic measurements of Anisimov et al. ,

"
which were both performed with the nitroethane-
isooctane mixture. There is also agreement with

the Brillouin measurements of Kruer et al. ' on
the nitroethane-3-methylpentane system, and with
Wang's' data on the nitrobenzene-n-hexane mix-
ture. Ultrasonic experiments on the last mixture
by d'Arrigo et al. ' have shown only a 0.5% negative
anomaly near T,.

On, the other hand, our results contrast with
Brillouin-shift measurements in the water+ tri-
ethylamine and nitrobenzene +n-hexane mixtures
reported by Aref'ev et al." and Chen et al."

v(Z') =v(T,)+(T —&,)—2v d(6v) v dn

dT nc dT
p

The values of n and (dn/dT)~ have been accurate-
ly determined in Hefs. 21 and 25 for the wavelength
X=6328 A. Since we used X=4880 A, we had to
evaluate the dispersion correction. An order of
magnitude for the dispersion correction of the re-
fractive index of the mixture can be evaluated by

comparison with the data for pure components. "
We have estimated the refractive index at 30 'C

and 4880 A to n =1.392+0.001.
The wavelength dependence of (dn/dT)~ is cer-

tainly very weak and we can adopt the value mea-
sured at 6328 A: (dn/dT) = -(4.936+0.002) &10~
K '. Apart from the determination of the shift, un-
certainties about the absolute value of the velocity
arise from uncertainties in the free spectral range
(0.15/o) and the transfer wave vector q (0.2/o).

The total uncertainty is therefore about 1/o.
The values of the velocity have been listed in

Table II, together with other data concerning ultra-
sonic or hypersonic measurements in the same
system and in two other binary mixtures. For
these mixtures we have determined the velocity
and its thermal derivative as above. When neces-
sary (nitroethane-isooctane by Aref'ev et al. ,

"
we have taken into account the small corrections
due to the differences in critical concentrations
or critical temperatures (see the caption of Table
II). The agreement between ultrasonic and hyper-
sonic measurements is good and our data show a
very small positive dispersion (+2.5%+ 1%), con-
trary to other measurements by Aref'ev et al. (0
+ 1%)."
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from this coupling in a Brillouin experiment work-
ing at =5 GHz.

Sound absorption arises mainly from the shear
and bulk viscosities. The shear viscosity g~ ex-
hibits a critical behavior governed by the exponent

y =0 04"
Nitroethane -Isooctane + g egg f

250—

0.001

~ This work (A=4880 A)
+ Aref'ev et al. (4=63288A)
I I I I I I I I I I I I I I I I II I I I I I I I I I

0.01
T-Tc(K )

I I I IIIII I IJ I IIII
10 100

FIG. 5. Brillouin full linewidth 2I' versus the loga-
rithm of T-T~. The behavior is regular and follows an
Arrhenius law (solid curve). Also shown are the data of
Ref. 16.

B. Hypersound attenuation

The true full linewidth 2I' of the Brillouin lines,
deduced from the experimental spectrum as ex-
plained above, is shown in Fig. 5 versus T —T,
(semilog plot). The accuracy is typically 3',
which allows the thermal variation to be clearly
evidenced in a wide range of T —T, (1 mK-60 K).
Also are reported the data of Aref'ev et al."from
the same mixture, taking into account the differ-
ence in the q wave vectors. Although the precision
of these data is rather low, they appear to be in
agreement.

As for the Brillouin shift, no anomaly in the vi-
cinity of the critical point is visible. This is in
contradiction with the data on the nitrobenzene-g-
hexane mixture in which a critical broadening of
the linewidth has been seen. Chen et al."used a
single-pass FP and the results might have been
influenced near T, by the strong opalescence of the
system. Wang, "using a double-pass FP, reported
also some critical broadening of the linewidth, al-
though he was not able to measure the effect.

It is interesting to note that a strong absorption
of the sound is commonly observed at a low fre-
quency near T,. This is due to the coupling be-
tween the sound modes (frequency &ug) and the
critical concentration modes (frequency ~,). In-
deed, an adiabatic pressure fluctuation generates
a temperature fluctuation which has a strong influ-
ence near T, on the concentration fluctuation. This
coupling is efficient only if the pressure fluctua-
tions have enough time to "feel" the concentration
fluctuations, i.e. , if s —u, . Since , is low,
(mg2w &0.01 MHz), Brillouin experiments cannot
be concerned with this kind of broadening. It is
well established now that this ultrasound absorp-
tion is strongly f requency dependent, and that no
effects are visible for frequencies higher than

g~" is the regular part of the viscosity, which
usually behaves as an Arrhenius law with an acti-
vation energy E. Therefore, rig —-r}gt "& exp[E/T, (1
+t)]. As for the sound absorption, the critical
part of the viscosity is due to the coupling between
the viscous modes and the critical-concentration
modes, and the same relaxation effect with fre-
quency is expected. This has been verified by
shear flow measurements. ""

Concerning the bulk viscosity g~, a strong T —T,
dependence is expected~"; this approach is quite
similar to the direct study of the coupling between
the sound mode and the concentration mode." The
same arguments as above concerning the frequency
dependence of the coupling lead to the conclusion
that the bulk viscosity should not have any critical
anomaly at the Brillouin frequencies.

It is therefore logical to relate the Brillouin
linewidth to the regular part of the viscosities:

2 (g q (4q g g

We tried the following fits (see Table III):

(i) rq'=X, exp(X, /T),
assuming the same Arrhenius temperature depen-
dence for both gs and g~. The fit of the data is
good, but the activation energy X, = 751+ 13 K cor-
responds to the lower limit of the activation energy
obtained from the shear viscosity measurements
E =920~ 180 K.' This means that the bulk viscos-
ity ga should exhibit a temperature dependence
weaker than g~. So we tried the fit as follows.

(ii) I'q'=X, exp(X, /T) +X„
with the restriction X, =E = 920 + 180 K, but the re-
sults show that the best fit is obtained with a poor
determination of X, and X„which suggests that
the temperature dependence of g~, although weak,
cannot be neglected. The 3rd fitting function was
the following:

(iii) I'qg =X,exp(X,/T) +X,+X,T,
where we have added a term linearly dependent on
T.
With all parameters free or with X,=E imposed
as above, X, is undetermined. But the lower limit
of X, is almost compatible with the value deduced
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TABLE III. Fit of the half-linewidth of Brillouin lines to I q X2 exp(X&/&)+ Xg+X4T
have assumed I'q = (q /2o) [(4/3)qp+qg j (see text). From shear flowmeasurements (Ref. 22) q~
=&10 exp(E/T){ [(T- T )/T ] ~ ) with 7)0 = 218 x10 4P, E = (920 ~ 180) K, and y„=0045 + 0018.
We have used p=0.821 g cm 3 at T =303 K (Ref. 20) and q=2.53 x 10' cm ' (see text). Q is a
statistical quality coefficient (=1 if the uncertainties are randomly distributed, =0 if not).

X(
(K)

X2

(MHz)
X3

(MHz)
X4

(MHz K i)
0(r)

(%%un) Remarks

1134+ 211
1000 + 120

2.8+ 2.5 90 + 62

4.7+ 2.4 77 + 57

751 + 13 14.8+ 0.7 (0)
imposed

967 + 14 5.9+ 3.6 33.4 + 17

(0)
imposed

{(0)
imposed
-0.10 + 0.13
-0.10 + 0.11

0.875 1.4 X3, X4 imposed to (0)

0.873 1.4 X& imposed to (920+ 180) K

0.872 1.4 all free parameters
0.872 1.4 X& imposed to (920+ 180) K

from the regular shear viscosity X2= (q'/2II)(2I) J
Sp) =1.80 MHz (values from Table III caption).

From another point of view, these linewidth data
can be regarded as measurements of the viscosity,
and it seems interesting to compare these results
with other indirect viscosity determinations, such
as the linewidth of the molecular reorientation
spectrum (depolarized scattering), which has been
done in the same critical mixture. " In Table IV

the data in terms of frequency-dependence viscos-
ity for several mixtures are reported, using Bril-
louin or depolarized scattering, Kerr effect, and
the usual shear flow viscosimeter determination.
As expected the low-frequency measurements ex-
hibit a divergence, which nevertheless levels off
when the frequency of the measurement becomes
comparable to the concentration fluctuation fre-
quency. " As far as the nitroethane-isooctane
system is concerned, only the regular behavior is
detected for frequencies 5 and 100 GHz. This is
well explained by relaxation phenomena as noticed
above. The nitrobenzene-n- hexane mixture shows
a different behavior, a diverging part being de-
tected for frequencies up to 15 GHz. However,
this system is very opalescent, and one could con-
sider the data from Ref. 11 as not very reliable
since they were obtained using a single-pass FP.
The same difference of behavior has been noticed
in the study of the reorientation motion, two tech-
niques, double-pass FP,"and optical Kerr effect"
with a picosecond laser giving the same results, al-
though with somewhat different reorientation times
(respectively, 10 and 15 GHz).

This rather puzzling situation suffers from a
lack of data concerning other binary mixtures,
which prevents any further considerations being
made.

C. Brillouin intensity

As explained above, the ratio of the integrated
spectral intensity of the Brillouin line I~

Tc Critical Temperature
Io

Nitroethane-isooctane

4I

O
Ill

ll

'R/2(B

'~ ~ ~ ~ ~ e——— ~—

( Cp/Cy ) - I

4l
lO
Cl

01
I
lO

e
ll

IR /IAF

2IB/IAF

44—4~4» 4
0

~+ e,~ +~++~+ +

MI

30 IO 50 60 70 80 90
Temperature T ('C)

FIG. 6. Different ratios of the intensities of the Ray-
leigh line Iz, the Brillouin lines 2I&, and the intensity
standard I~F. The horizontal asymptote of Iz/2I~ shows
that strong light is negligible.

S,.("ur) d+ to the intensity of the FP apparatus
function allows the relative variation of ~~ to be
measured versus temperature. This is shown in
Fig. 6, where a smooth linear variation with T is
visible. If the difference between the temperature
variation of the scattering volumes of the AF and
the mixture are neglected, the intensity I~ must
vary as
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'TABLE IV. Shear viscosity measurements by different methods and at various frequencies. As typical frequency in
the shear flow viscosimeter experiments it has been taken the shear rate; (t=(T- Tc)/T, and y„=0.04l.

System Behavior

Optical Kerr effect
Frequency

(GHz)

Molecular reorientation

Frequency
(GHz) Behavior Behavior

Brillouin spectrum
Frequency

(GHz)

Shear flow viscometer
Frequency

(GHz) Behavior

Nitro ethane

Isooctane
Nitrobenzene

n-hexane

15 regular
x

divergent

t ~& exp(E/T)

100

]0d

regular

exp (E//T)

regular
x

divergent

t + exp(E/T)

4.5

55

regular

exp(E/T)
regular

X

divergent

g~~ exp(E/T)

100"

100'

regular
x

divergent

t ~& exp(E/T)
regular

x
divergent

t~& exp (E/T)

Reference 22.
"This work.
'Reference 33.
Reference 32.

'Reference 11.
' Reference 30.

k TP,

Using the definition of P, and the well-known rela-
tionship

( B(n') '
P, = (pU') ' I "TIp

B
~~C

V2

D. Background intensity

The recorded spectra show a non-negligible
baseline due to broad lines, which cannot be re-
solved in the free spectral range of the FP. One
component of this background is the scattering due
to the anisotropy of the nitroethane molecules, "
but other mechanisms (Raman, collision-induced,
etc.) also contribute.

An order of magnitude of the variation is given by

dI~I 1 1 (~p 2 dv 4n dn

Ia dT) c p tt~T p vc dT n —1 dT j
&

where the Rocard relation [p B(n')/Bp]mr = (n' —1)'
was assumed" for simplicity (the Einstein or
Yvon-Vuks formulations do not change the results
appreciably). Each term is known, except (1/
p)(Bp/BT)~, which can be estimated as (-1.2
x 10 ') K ' when looking at each component, "and

one finally obtains (I/&s)(die/dT) = 10 ' K ', which
agrees well with the data as shown in Fig. 6.

tions, and (critical-) concentration fluctuations.
We first checked that the stray light, which is ex-
pected to have no temperature variation, was neg-
ligible. Stray light is exhibited far from T„where
concentration fluctuations are negligible. Figure
6 shows that, far from T„ the Rayleigh intensity
normalized to the FP apparatus function varies as
the Brillouin intensity, which proves that the stray
light is effectively negligible versus the entropy
contribution so that the ratio Rayleigh-Brillouin
measures the ratio entropy-Brillouin, i.e., the
Landau-Placzek ratio. It is well known that this
ratio is equal to (C~/C„) —1=r, —1. In critical
mixtures C„ is regular while C~ is the sum of a
regular part and a diverging part, with the expo-
nent & = 0.1. However, refractive-index measure-
ments" have shown that the amplitude of the di-
verging part is very small in this mixture so that
C~ can be considered as regular here, and the ra-
tio y, as independent of the temperature. The low
value found y, =1.27 is a final check of the small-
ness of the stray light.

We then fitted the experimental Hayleigh-Bril-
louin ratio taking into account only the two contri-
butions S,/2S, and SJ2$3 (see Figs. 1 and 7):

E. Ray leigh intensity: Rayleigh-Brillouin ratio

The Rayleigh intensity measures the nonresolved
contributions from stray light, entropy fluctua-

As we have stressed above, this ratio is indepen-
dent of the light-scattering theories. For simplic-
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a T dependence, which can be easily estimated
from the above results:

, —(pv') =-8.2 x10 ' K'.
pg dT
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001 I I I iillil
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G(q, $) is the critical contribution of concentration
fluctuations, and can be written under the follow-
ing form, valid within 1% in the range q$ = (20 —5
x 10 ')" [our experiment covers the range q$ = (20
—2 x 10 ')).

G(q, t')=[1+(&,q5)'] " '"+[1+(o'.qt)']"
—[1+(~.q&)'1 ',

FIG. 7. Rayleigh-Brillouin ratio versus T-Tc (log-log
plot) showing the different contributions to the Rayleigh
peak (this work and Ref. 16).

ity we shall use the Einstein formulation, where
the factors (s(n')/sc) ~r and (s(n')/sp) r, are
mathematical derivatives and can be calculated us-
ing the Lorentz-Lorenz formula.

We know (Sn/Sc)~ r at T-30 e and X= 6328 A, ~

~

~ ~

~ ~

= (1.34 ~ 0.04) x 10 ',
ec

the dispersion correction can be estimated from
the literature, "

( (4880 A ) = —(6328 A) + (1.2 + 0.2) x 10
ec)p~ ec

= (2.54+ 0.24) x 10

while the temperature dependence can be obtained
by a straightforward application of the Lorentz-
Lorenz theory and the data

&n 4.961 x10~ K-~
eT

en ' =-4.V74 x 10~ K'.
~T

We finally get
1 e s(n')

c
a(n ) sT sc

eg

The evaluation of es/sp is not accurate if we dif-
ferentiate the Lorentz-Lorenz formula, and it is
better to calculate this ratio from its value in each
component. This leads to

p = 2n
1 8

' =1.14~0.05,(. ) H, .
p T, c 1 p

p 8T pc

the thermal variation of which can be easily evalu-
ated to -2 x10 ' K '. The factor pv' exhibits also

with ~i=1.040056, o', =1.05894V, &,=1.053932,
g = 0.0315, 0 = 1.554 213, Z = 1.627 419. We recall
that $ =(o[(T —T,)/T, ] ".

Finally, the experimental data had to be com-
pared with the following temperature variations:

A+[1 +tB(T —TP] G (q $)
I~ T-T

8 C al

+(y. —1),
where

s(s')

(
B(n'))' (su)'

and m = 1.1 x 10 ' K '. The subscript c means that
the value is taken at T,. The coefficients A„$„
p, y, and y, are considered as free parameters.

First we have checked that the value of m «es
not influence the results very much; with (rn) set
to different values between -1.6 x 10 ' K ' and +1.6
x 10 ' K ', the values of the above parameters did
not change within 0.5', which was within the un-
certainties.

Second, with all parameters free, the determina-
tion of the amplitude $, is strongly correlated with

p, as well as A, with y, which prevents accurate
independent determinations (Fig. 8 reports the
values found for g, as a function of p, and A, as a
function of y, for about the same quality of the fit).
We thus fixed the exponents at their expected val-
ues in binary mixtures (Refs. 36 and 37) y= 1.2402
+ 0.0009, p =0.6300+0.0008. The results of the fit
are in Table V.

The values found lead to the following remarks.
i. The core'elation length amjlitude (0. The un-

certainty on $0 is in fact slightly bigger than de-
duced from the fit, since the true variable is the
product q(0. Therefore,

$0= 2.42 + 0.04 A.

ii. The Landau-Placzek &atio (y, —i). The val-
ue found for the ratio C~/C, =y, =1.2702+0.0009 is
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We fitted the results of Ref. 16, performed at X

= 6328 A, in the same way and got A, = (1.06+0.15)
x 10 ', which gives a value in agreement (sp/ec)~ r
= (103+20) Jcm '.

We can therefore deduce the amplitude of the di-
verging susceptibility without any assumptions
concerning light-scattering theories (Einstein,
Yvon-Vuks, or Rocard)." It is interesting to
check the value found for the universal amplitude
ratio

2.2—

8 0
R R-»3=] B' —"

c 0 8~
Ps T

Tc

l I l I

0.60 0.62 0.64

FIG. 8. "Best"values of the couples of correlated
variables (A„y) and ($p, v). It has been necessary to
fix the values of the critical exponents to their universal
values to determine accurately the amplitudes A, and

4p.

usual in liquids. The comparison with the data of
Ref. 16 (see also Fig. 7), where the value 1.30 was
found, gives a satisfactory agreement.

iii. The amjlitude (S p./ec)» and the universal
amplitude ratio R~R,' '. From the value &, we
can infer

where B is the amplitude of the coexistence curve
defined as (c' -c )/2 = B

~
t

~

+ corrective terms,
whose value is B=0.915+0.008 in this mixture. "
Our data lead to R,'R,' '= 0.72~ 0.07 and those of
Ref. 16 to R', R,' '= 0.66+ 0.07, in good agreement
with the theoretical predictions & ' of 0.650 by the
high-temperature-series method and 0.667 by re-
normalization-group calculations.

V. CONCLUSION

The study of the linewidth and the intensity of the
Rayleigh-Brillouin spectrum versus T —T, in the
weakly opalescent mixture of nitroethane and iso-
octane using a high-contrast spectrometer has

TABLE V. Fit of the Rayleigh-Brillouin Ratio to

Ez T-T,
2' = A [1+~ (T-T,)] ' G(q)) +(Pp —1),

Tc

where G(q$)~Q b&[1+(&~qt')t] ~& and (see text)
S

bg =+1, &g =1.040 056, pg =1-g/2 =0.98425,

bp =+1, &2 = 1.058 947, p2 =~ =1.554 213,

b3 =-1, +3 =1.053 932, g = Z 1.627419,

~=1.6x10 K ', q=2.530 x10 cm, $ =)p(1 —T/T, ) ".
The parameters A, fo, and 'yo are considered as free parameters The criti. cal exponents V

and v are universal and imposed to their expected value from a renormalization-group (RG)
calcu]ation (Ref. 38): y=1.2402 + Q.QQQ9 and v=0.6300 + Q. QQQ8 [the values estimated by a
high-temperature-series analysis are about the same (Ref. 39)).

Parameters Results of the fit Remarks

'y 1.2403 + 0.0009
P 0.6294+ 0.0005
Ac (2.94 + 0.04) x 10
hp 2.42 + 0.03 (~)
'yp —1 0.270 + 0.001

Statistical quality coefficient =0.841
Mean relative uncertainty =3.02 x 10-2

imposed within RG uncertainties
imposed within RG uncertainties
free
free
free
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shown that neither the hypersonic velocity, the
hypersound attenuation, nor the intensity of the
Brillouin lines exhibit an anomalous behavior when
approaching the critical point. The values which
have been determined for these quantities are in
the usual range for liquids. Moreover, the Ray-
leigh-Brillouin intensity ratio has allowed the ratio
y, of the specific heats to be accurately deter-
mined, with the correlation length amplitude $,
and the susceptibility amplitude t (9p/sc)' r] '. lt
is worthwhile to note that this last parameter can

be obtained without the usual local-field hypotheses
(Einstein, Yvon-Vuks, or Rocard) which yield an
ambiguous determination. Therefore, the univers-
al amplitude ratio R,'R, ' ' has been obtained in
agreement with the expected theoretical value.
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