
VOLUME 69, NUMBER 23 PH YSICAL REVIEW LETTERS 7 DECEM BER 1992

Observation of Two Length Scales near an Unsymmetrical Tricritical Point
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We have isolated a tricritical point in the system water/n-hexane/1-propanol/2-propanol. Two sam-

ples of fixed composition exhibiting three-phase regions extending over temperature ranges of 4 and 1 K
have been studied extensively by light scattering. Near the critical end points bounding the three-phase
regions the structure factor S(q) is not of the Ornstein-Zernike form but is well fitted by S(q)
=I t/(I+q g/)+I z/(I+9 g)). The second length scale g2 is nondivergent and is independent of the

primary length scale.

PACS numbers: 64.60.Fr, 05.70.Jk, 64.60.Kw, 64.70.Ja

Tricritical systems provide sensitive tests of our under-
standing of critical phenomena, as they present systems
with a marginal dimensionality of 3. Previous studies of
unsymmetrical tricritical points in fluid mixtures have
elucidated their phase behavior [1-6] and investigated
the Griffiths sum rules [7] for their scattering properties
[8-11]. The scattering studies have been hampered ei-
ther by imprecise knowledge of position in the phase dia-
gram [8,9, 12] or by measurement of the scattered intensi-

ty at only two angles [10,11]. Systematic scattering stud-
ies near the critical end points bounding the three-phase
region have not been reported for any fluid system near a
tricritical point.

We have located a tricritical point in the system
water/n-hexane/I-propanol/2-propanol which is well suit-
ed for study by light scattering [13]. It occurs at —38'C
at atmospheric pressure, and the system scatters weakly
enough that multiple scattering is negligible. We have

prepared two samples which, upon changing temperature,
enter and exit the three-phase region through, or close to,
the critical end points. One sample exhibits a three-phase
region over the range h, T—= TU —TL =3.98 K, where TU

and TL are the upper and lower critical end-point temper-
atures, respectively. The other sample, which is closer to
the tricritical point, has h, T=1.01 K. We have measured
the wave-vector-dependent structure factor S(q) for each
sample throughout the three-phase region and into both
adjoining two-phase regions. Except in the vicinity of the
critical end points, S(q) is of the Ornstein-Zernike form,

S(q) = I /(1+ q g ), as expected theoretically [14].
However, this fails to hold for either sample near its end

points, where an adequate description of S(q) can be ob-
tained only by the introduction of a second 1ength scale.
Lacking any theoretical guidance we have fit the data us-

ing the simple form S(q) =I t/(I +q (t )+I p/(I +q (z).
The second length scale (2 and its associated amplitude
I 2 are roughly temperature independent as the end points
are approached, while I t and g~ exhibit Ising-like diver-
gences. In both samples, g2 is 4-5 times larger near the
lower critical end point than it is near the upper critical
end point. The sample with AT= I K has values of gq

which are —80% larger than those observed in the same

phase at the corresponding end point for the h, T=—4 K
sample. The results for I ] can be used to construct the
first Griffiths sum, Zz =I,'/2 —f'tI/ + I „'/, where a, P, and

y refer to the three coexisting phases. The two samples
have comparable values for X&, but it varies systematical-
ly across the three-phase region of either sample, render-
ing its interpretation problematic.

The tricritical point was isolated using techniques simi-
lar to those discussed by Kahlweit and co-workers [6,15].
The ternary system water/n-hexane/I -propanol has a
broad three-phase region at atmospheric pressure [151,
while water/n-hexane/2-propanol has none. Mixing the
two alcohols allows one to shrink the three-phase region
until it ultimately vanishes at the tricritical point. The
binary mixtures of the propanols were characterized by
the weight fraction of 2-propanol in the alcohol mixture,
denoted x2. (Note that xq is not the weight fraction of
2-propanol in the quarternary mixture. ) If the ratio of
the two alcohols is the same in all coexisting phases of the
quarternary mixture, t~e alcohol mixture may be con-
sidered as a single pseudocomponent, and the quarternary
system may be considered to be quasiternary. Using gas
chromatography, the value of x2 was found to be identi-
cal in all coexisting phases of the hT=-1 K sample near
both critical end points to within 3%, which is the instru-
mental uncertainty. The quasiternary approximation
thus appears to be well justified, though it may fail to
hold closer to the tricritical point.

For a given value of x 2, a series of samples was

prepared with a fixed water:oil ratio and increasing total
alcohol content. Assuming that the set of samples so gen-
erated intersects both the upper and lower critical tie
lines as temperature is varied, observation of the phase
behavior of these samples allows one to determine the
temperature width of the three-phase region, h, T. Near a
tricritical point, h, T is predicted to scale as a4, where a4
is any thermodynamic geld used to measure distance
from the tricritical point [16]. Since x2 has the same
value in all three phases it acts as a field, and we may
choose a4 —X2, —xq. As illustrated ia Fig. 1, the temper-
ature diflerence between the upper and lower critical tie
lines scales as AT=A(xq, —x2) ' with A =253 ~66 K,
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FIG. 1. Dependence of the temperature diA'erence h, T
=TU —TL on x2, the weight fraction of 2-propanol in the al-
cohol mixture, as the tricritical point is approached. The solid
line is the result of a fit to the data which yields Pr =1.55 ~ 0.12
and &2' =0.250 ~ 0.002.

Pr =1.55+ 0.11, and x2, =0.250+0.002, which is the fit
shown by the solid line. This result for Pr is consistent
with that found in a variety of other tricritical systems
[1-6]. We estimate the coordinates of the tricritical
point to be T~ =37.8 ~ 0.25 C, xwater =0.254, xhexane
=0.213' x )-propano) =0.400, and x2-propano) =0.133.

A sample which exhibits both an upper and a lower
critical end point has a unique composition for any given
value of x2. This composition is that through which both
the lower and upper critical tie lines pass as temperature
is varied. It was determined by using gas chromatogra-
phy to measure the compositions of the end points of the
critical tie lines and, thus, that of their intersection. The
composition of the h, T=4 K sample, in weight fractions,

x water =0.2997, xhexane =0.2229& x 1-propanol =0.3914,
and x2 propano1=0. 0861 (x2=0.1803). The sample was

prepared without filtration and flame sealed in a borosili-
cate glass ampule of inner diameter 15.3 mm. It is at the
critical composition for both lower and upper critical end
points, as expected. The other sample was prepared to
have the composition x„,t„=0.2691, xh,„,n, =0.2220,
x I-propanone

=0 3944 and x2-propanone =0 1145 (x2 =0.2250).
It was treated identically except that it was filtered to re-
move any dust. This sample is at the critical composition
for the lower end point but is slightly off critical for the
upper end point. Its value of hT is 1.01 K, larger than
the 0.83 K expected based on its value of x2. We specu-
late that this is due to loss of the more volatile 2-propanol
during filtration. Both samples have been stable over
several years, in terms of their phase behavior and scat-
tering properties, while their end-point temperatures have
changed ~90 mK over this period.

Static light scattering rneasurernents were performed

between the angles of 2.5' and 127' using apparatus de-
scribed previously [17]. Throughout the course of such
measurements, the sample under study was immersed in

temperature controlled circulating water stable to 0.3 mK
and having gradients & 15 pK/cm. The samples were
equilibrated at each temperature with frequent stirring by
means of Pyrex encapsulated magnetic stir bars. Equili-
bration generally occurred within 3 h of the final stirring.
The refractive indices needed to determine the scattering
wave vectors were determined as functions of tempera-
ture by differential refractometry.

Measurements made as a function of height in each
phase showed S(q) to be independent of position within
our resolution. Variation of incident laser power revealed
no power dependence for S(q). Incident powers were
&25 pW near TL and &1 mW near TU. We estimated
double scattering using the method of Shanks and
Sengers [18]. It was never more than 6% of the single
scattering and had no significant effect on the fit results.
Consequently, the data were not corrected for double
scattering. We did correct the data for the effect of col-
lecting a small fraction of light scattered at the angle
complementary to that being measured, which is caused
by weak reflections at the cell walls. These effects were
& 5% and also had no significant effect on the results.

Except near the end points, S(q) is described quite
well by the Ornstein-Zernike (OZ) form, S(q) =I/(1
+q ( ). However, as either critical end point was ap-
proached marked deviations were observed in the critical
phases, while the noncritical phase remained Oz-like.
Initially, the data were adequately characterized by the
addition of a background, I 2, to the OZ form, S(q)
=I ~/(I+q g )+I 2. Upon closer approach to an end
point this form was generally inadequate, and a second
independent length scale was required. This was included
through fitting by the form S(q) =I ~/(I+q (~ )
+ I 2/( I +q '(,').

Figure 2 shows data for S '(q) vs q (an OZ plot) for
data taken 14 mK below TU in the P phase (rniddle
phase) of the AT=4 K sample. The departure from a
simple OZ form, which would yield a straight line, is
obvious. Forcing such a fit resulted in a reduced chi
squared, g„, of 293. Addition of a background decreased
g„ to 7.3, while inclusion of a second length scale further
decreased g, to 1.0. The solid line in the figure shows
this fit. As judged by the F test, the probability of the ex-
tra parameters being spurious is below 10 ' . The inset
shows the dependence of g„on (q with all other parame-
ters readjusted. Similar results are obtained in the other
critical phases, near both end points for both samples,
over periods from 3 to 100 h after stirring. Values of (2
obtained over a year apart agree well, giving us added
confidence that this effect is not an artifact. We also ob-
serve a second length scale in the critical phase above TU
in both samples, but only a background is apparent in the
critical phase below TL. The background persists at least
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FIG. 2. Example of an Ornstein-Zernike plot, S '(q) vs q,
for light scattering data taken 14 mK below TU in the P phase
of the h, T=4 K sample. Deviations from Ornstein-Zernike
(OZ) behavior, which would yield a straight line, are obvious.
The solid line shows the result of fitting the data to the sum of
two OZ terms and results in the values I ~

=(4.18 ~0.10)
x 10 cm ', g~ =2455 ~ 49 A, I"2 =(1.91+'0.01)x 10
cm ', (2=276+ 17 A. Inset: The variation of the reduced
chi-squared parameter g, as the second length scale g2 is varied
with the other parameters readjusted. It reveals a very deep
minimum at gq =276 A.

300 mK below TL for the h, T= 1 K sample, but we only
observed it within 6 mK of TL for the h, T=4 K sample.

Figures 3 and 4 summarize our observations of the
form of the structure factor. The figures are schematic
diagrams of the three-phase curves for the AT=4 K sam-

0

concentration (schematic)
FIG. 4. Schematic plot showing the variation of the form of

the structure factor in the AT=1 K sample. Symbols have the
same meaning as in Fig. 3.

pie (Fig. 3) and the BT= I K sample (Fig. 4). The
phases are denoted a,P, y in order of increasing density,
while aP refers to the critical phase for temperatures
above TU and Py refers to that below TL Differe.nt sym-
bols are used to indicate the observed form of S(q) in

each of the phases at each temperature investigated.
Plotted in this fashion, the similarities between the prop-
erties of the two samples are readily apparent.

Table I presents average values of the second length
scale g2 in each of the critical phases near both end points
for the two samples. Whereas the values of g2 in the P
and y phases near the lower critical end point agree
within their uncertainties for each sample, this is typical-
ly not the case near the upper critical end point. We have
found no quantitative relationship between (2 and other
system parameters, but it is interesting to note that I t,
I 2, and gz are all largest near TL. The second length
scale obviously increases as the tricritical point is ap-
proached; however, no clear scaling relation is evident.

It would be natural to associate I z and (2 near one end

point with the critical fluctuations of the other end point,
especially in the P phase, whose properties are singular at

26

TABLE I. Average values of the second length scale g2, in

angstroms, in the various phases of the two samples. The error
bars are statistical uncertainties only, and do not reflect possible
systematic errors.

Phase

concentration (schematic)
FIG. 3. Schematic plot showing the variation of the form of

the structure factor with temperature in the h, T=—4 K sample.
The symbols indicating the observed form of the structure fac-
tor are as follows: 0, single OZ; &, single OZ plus background;
~, sum of two OZ forms.

Near TU aP.
P

Near TL. P

180+ 4
124+ 6
266+ 5

1046+ 84
936 ~ 47

335 ~43
321 + 16
437+ 13

1686+ 289
1388 + 354
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both end points. However, our data do not support this
interpretation. For example, near Tt in the P phase of
the AT=4 K sample, I 2=6.8X10 cm ' and
=1046 A, while the values of I

~ and g~ extrapolated
from the upper critical end point are I )=3.4X10
cm ' and (~=58 A. Similarly, in the P phase near Tt
of the AT=I K sample, I 2=1.8X 10 cm ' and g2
= 1686 A, compared to I ~

=8.4 x 10 cm ' and
= 139 A extrapolated from the upper critical end point.

While the presence of a second length scale makes the
interpretation of the Griffiths sum rules problematic, we

have nonetheless used our results for I
~ to investigate the

first Griffiths sum, Zr. As the tricritical point is ap-
proached, Zr has been predicted to approach a constant
value in extended mean-field theory [10,19] and to
diverge like a4 in a renormalization-group calculation
[20]. We find that Zr varies significantly throughout the
three-phase region of either sample, decreasing by rough-

ly a factor of 2 as temperature is increased from some-
what above TI. to somewhat below TU. The two samples
show comparable values, but the ratio of Zr for the
h, T=1 K sample to that for the AT=4 K sample varies
from —1.5 to —1.0 depending on where in the three-
phase regions the measurements are made. This result
does not ofl'er any support for a divergence, but it can
scarcely be considered a confirmation of extended mean-
field theory, either.

Non-Ornstein-Zernike structure factors have also been
observed in the isotropic liquid "sponge" phase investigat-
ed by Roux et al. [211. This phase occurs in a bilayer-
forming system of water/oil/surfactant, and it is unclear
to us what, if any, connection exists between this system
and our own. However, it is at least conceivable that our
results are indicative of some vestigial surfactant-type be-
havior on the part of the alcohols which becomes ap-
parent only near the end points. Clearly, significant
theoretical and experimental progress will be required be-
fore tricritical phenomena can be considered to be fully

understood.
This research was supported by NSF DMR 90-18089.

One of the authors (R.M. D.) gratefully acknowledges the
support of an IBM Graduate Student Fellowship.

[1]J. C. Lang and B. Widom, Physica (Amsterdam) SIA,
190 (1975).

[2] P. Bocko, Physica (Amsterdam) 103A, 140 (1980).
[3] J. L. Creek, C. M. Knobler, and R. L. Scott, J. Chem.

Phys. 74, 3489 (1981).
[4] J. Specovius, M. A. Leiva, R. L. Scott, and C. M.

Knobler, J. Chem. Phys. 85, 2313 (1981).
[5] M. C. Goh, J. Specovius, R. L. Scott, and C. M. Knobler,

J. Chem. Phys. 86, 4120 (1987).
[6] M. Kahlweit, R. Strey, P. Firman, and D. Haase, Lang-

muir I, 281 (1985).
[7] M. Kaufman, K. K. Bardhan, and R. B. Griffiths, Phys.

Rev. Lett. 44, 77 (1980).
[8] M. W. Kim, W. I. Goldburg, P. Esfandiari, and J. M. H.

Levelt Sengers, J. Chem. Phys. 7l, 4888 (1979).
[9] M. W. Kim, W. I. Goldburg, P. Esfandiari, J. M. H.

Levelt Sengers, and E. S. Wu, Phys. Rev. Lett. 44, 80
(1980).

[10] A. Kumar, R. Chamberlin, D. S. Cannell, I. L. Pegg, C.
M. Knobler, and R. L. Scott, Phys. Rev. Lett. 54, 2234
(1985).

[I I] A. Kumar, D. S. Cannell, R. L. Scott, and C. M. Knobler,
J. Chem. Phys. $9, 3760 (1988).

[12] E. S. Wu, Phys. Rev. A 18, 1641 (1978).
[131 R. M. Drake and D. S. Cannell (to be published).
[14] M. Kaufman and R. B. Griffiths, J. Chem. Phys. 76, 1508

(1982).
[15] M. Kahlweit and R. Strey, Angew. Chem. Int. Ed. Engl.

24, 654 (1985).
[16] R. B. Griffiths, J. Chem. Phys. 60, 195 (1974).
[17] H. R. Hailer, C. Destor, and D. S. Cannell, Rev. Sci. In-

strum. 54, 973 (1983).
[18] J. G. Shanks and J. V. Sengers, Phys. Rev. A 38, 885

(1988).
[19] R. L. Scott, J. Chem. Phys. 86, 4106 (1987).
[20] J. Rudnick and D. Jasnow, Phys. Rev. B 32, 6087 (1985).
[21] D. Roux, M. E. Cates, U. Olsson, R. C. Ball, F. Nallet,

and A. M. Bellocq, Europhys. Lett. ll, 229 (1990).

3337


