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Previously reported experiments by Pusey, Bak, and Goldburg showed an asymmetry in the
light scattering in the high- (h) and low- (&) density phases of critical mixtures of phenol and wa-
ter at temperatures below the critical temperature T~. Those experiments have been reanalyzed
to evaluate the exponents & and tI) in the asymptotic expressions II,~&~

oc' ( I t I +B' I t I ) and
I'I,

~&& cc(I t I" + B I t I ), where I and ~ are, respectively, the intensity and spectral width of the
scattered light and t = (T T,)/T, . Th—e experimental results are discussed in terms of recent
ideas concerning expected nonsymmetric behavior in pure fluids and binary mixtures, The
value of & the experiments yield can be accounted for in terms of simple linear dependence
of the viscosity on concentration.

I. INTRODUCTION

Recent light-scattering measurements by Pusey,
Bak, and Goldburg have indicated asymmetric be-
havior of the scattered light intensity (I) and the
spectral width (I') below the critical temperature
T, in a critical binary mixture of phenol and water.
In Fig. 1 we show a log plot of T/I vs I' d, TI
=

i T —T, I for pure phenol water indicating a small
difference in slope between the phenol-rich high-
density (h) and the water-rich low-density (l)
phases. In the original analysis, over the temper-
ature range in which experimental data were avail-
able, the two phases were characterized by differ-
ent critical exponents. For example, with

f = (T —T,)/T, ,

it was found that over the range of the data

1„&»(lflI)-

with y, —y„—-0. 08. In the case of impure (5. 7 wt%
Ha POs) phenol water, this difference was even
larger, as may be seen in Fig. 2, and well outside
estimated experimental limits.

Over a somewhat larger temperature range the
spectral width in pure phenol water was found to
behave similarly, with

ra«)(lfl)- ltl "~&», Io -'lfl'-10' (I &)

and vf —vl' = 0. 08. Again the impure phenol-water

system gave measurably different values of v„* and
v*, . It was observed, however, that in both the
pure and impure phenol-water systems

dr(lfl)-=r, (lfl) -r„(lfl)-0 as f-0 —, (1.4)

and at the lower-temperature limit (I tl = 10 ) the
differences were approaching the accuracy of the
individual data points.

There is at present no firm theoretical or ex-
perimental evidence that separate critical expo-
nents need be defined for the two coexisting phases.
In the light of recent theoretical ideas on the be-
havior of nonsymmetric systems near the critical
point, we reanalyze the original data (along
with some previously unpublished datas) to present
a consistent description of the available information
without requiring separate exponents.

The measurements of the scattered intensity I,
while more amenable to theoretical interpretation,
are less precise and over a smaller temperature
range than measurements of I'; hence we concen-
trate on the latter for quantitative interpretation.
In order to make contact with the thermodynamic
functions, on which our interest centers, an appeal
must be made to the results of a dynamical theory.
The difficulty with this approach is that relations
which come out of dynamical theories are not rig-
orous; however, agreement with experiment is
often quite good. Furthermore, parameters ap-
pear (e. g. , the viscosity) which can have analytic
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FIG. 1. Temperature dependence of the inverse scat-
tered light intensity in a critical mixture of pure phenol
water at a scattering angle of 30.4' curves A, B, and C
correspond, respectively, to T & T„T& T, (high-density
phase), and T & T~ (low-density phase). The intensity
has been corrected for background effects as discussed
by Pusey and Goldburg (Ref. 1.)

is possible, but the accuracy is insufficient to make
the important distinction between 8 = 1 —P and
8= y —g, the former providing a slightly better fit.
As we shall discuss in Sec. II, one might expect
the value 8 = 1 —P if a "most symmetric" descrip-
tion of a two-component fluid is possible. This
description is obtained by generalizing from the ob-
served behavior of simple fluids and their lattice-
gas analogies. Accepting the result of the dynam-
ical theory, ' I'o- ( ' (ignoring any temperature de-
pendence of the viscosity near T,), and the Orn-
stein-Zernike equation, I~ $, the results (1.6) then
favor the latter possibility () =y —P. These possi-
bilities will be discussed further in Sec. IV in which
we estimate the effect of the background viscosity.
In Sec. II we discuss asymmetry in two-component
fluids, and in Sec. III we present the analysis of the
spectral width of the phenol-water system. Section
V is devoted to summary and further discussion.

II. LIGHT SCATTERING IN TWO-COMPONENT FLUID

In a two-component fluid the intensity of scat-
tered light is essentially proportional to fluctua-
tions of the dielectric constant c,

background and anomalous contributions that have
not been completely studied or understood. The
relevant expression [see (4. 1) below] for the spec-
tral width involves the range of correlations as
well as the viscosity. We shall find that because of
a strong concentration dependence, the viscosity
cannot be treated as a constant for T T, and, in
fact, may be the determining factor in the asym-
metry observed in the spectral widths. Aside from
questions of asymmetry, there may be other dif-
ficulties in properly interpreting spectral-width
measurements (even above T,) for the purpose of
extracting critical exponents.

The results of the reanalysis are as follows.
For both pure and impure phenol-water mixtures
we find a consistent fit over the range of available
data with the form

r„„,(ltl ) =w(l tl"*+al t l'),
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with the upper (lower) sign corresponding to the
high- (low-) density phase throughout. The expo-
nent v* approximately equals the spectral-width
index for T & T, as quoted in Ref. 1, and the data
indicate
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the estimate in (1.Gb) following from a somewhat
less precise direct determination (see below). The

FIG. 2. Inverse corrected light intensity vs temper-
ature in a critical mixture of phenol, water, and 5.7 wt%

H3P02, for (A) T&T„(B) T&T~ (high-density phase),
', and (C) T& T~ (low-density phase). The scattering angle
is 8=30.4'.
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where ( ~ ~ ~ )» indicates an appropriate (grand-
canonical) average for a fixed volume of fluid ex-
posed to the light beam. Equation (2. I) is a Born-
approximation result. One further approximates

b~= (4v/I') (~~ bN~+ ~a bN. ) (2. 2)

where n„&» is the polarizability of a molecule
A(B) and bN~&» is the number fluctuation for the
A(B) species. ' Rather than work with the sep-
arate chemical potentials p, „&» it is convenient to
define sum and differences,

2 (PA+ l"B) I + 2 (PA PB) (2. 3)

N= N~+ N~, n=N~ -Na . (2.4)

Then in terms of thermodynamic derivatives, the
dielectric constant fluctuation is given by

with

—2o, x —,2. 5

o' = a (o'~ + o'a) ~ = 2 (o'~ —&a) ~ (2. 8)

The derivative (BN/Bv)»r~ is essentially a com-
pressibility, measuring over all density fluctua-
tions, while (Bn/Bh)»r„contains contributions from
concentration as well as density fluctuations. De-
fining the number concentration x, and the average
density p,

metric system. The hypotheses used in this pro-
cedure are essentially statements of a form of
critical-point stability or universality.

The independent variables for the present case
may be chosen to be T, )L(,» and p.~ . This is the
natural generalization, since taking one of the
chemical potentials to —~ reproduces the one-com-
ponent fluid. Equivalently, we have chosen the
combinations T, 6, and v which were defined in
(2. 3). The difference in chemical potentials, b, ,
plays the role of an ordering field, its conjugate
order parameter being n= N~ —N~ . The "ideal"
underlying system is presumed to have a free en-
ergy Fo(T, b, , v) defined by the equations

(2. 9)

The ideal phase boundary is assumed to be the
pla. ne b,o (T, v) = b.o in the space of thermodynamic
variables T, &, v. As in the case of a symmetric
system, ao, can be taken as Ao = 0. (This is analo-
gous to the plane H = 0, with H the staggered mag-
netic field and v corresponding to the magnetic field
H, in an ordinary Ising antiferromagnet. ) We con-
sider the system at constant volume (which vari-
able we do not exhibit explicitly) since this corre-
sponds to the situation indicated in (2. 5). The free
energy F is essentially the pressure of the ideal
system. According to the Griffiths-Wheeler hy-
pothesis, the derivative

(2. Io)
x=N~/N, p=N/V, (2. I)

one can express (bc )„entirely in terms of the
compressibility

pK
ep't

(2. 8)
Bv)

and the thermodynamic derivative (Bx/Bb.)».
Though it is frequently overlooked, the compressi-
bility (2. 8) as well as (Bx/Bb, )r ~ is, in general,
expected to have an asymptotic strong divergence
(y divergence). ' In the present experimental sit-
uation the amplitudes of both contributions appear
to be the same order of magnitude and cannot be
separated. Equivalently, all three terms in (2. 5)
are second derivatives of the thermodynamic po-
tential (in this case the pressure), and all should
have y divergences according to the Griffiths-
Wheeler hypothesis.

The description of nonsymmetric systems is, in
general, not straightforward. The most symmet-
ric formulation for a two-component fluid is a
generalization of the prescription of Mermin and
Rehr to the present situation. To generalize the
one-component fluid treatment we describe a real
two-component Quid as if it were based on an un-
derlying "ideal" (but physically unrealizable) sym-

is expected to exhibit a strong (y-type) singularity
at the phase transition, the derivative being in a
direction which is not parallel to the ideal phase
boundary ~ = ~, = 0. On the other hand, the deriva-
tives (B Fo/BT )~„and (B F /Bv )» are expected to
show weak (o.-type) specific-heat singularities.

Before discussing the thermodynamics of the non-
symmetric system we note that a spin-1 Ising-like
lattice-gas model for a two-component fluid (allow-
ing for independent density variations) can be for-
mulated quite easily. The correspondences with
o; = a I, 0 are n"; = —,

' (o, + o,~), n; = —,
' (-o,. + o,. ) rep-

resenting occupation variables for species A and B
in the ith cell, and n',. = I —o,. representing the ab-
sence of a molecule in the ith cell. In the grand
canonical ensemble, the chemical potentials 6 and
v couple to n", -n& and n";+n, , respectively. The
model is made symmetric (to correspond to Fo) by
choosing the lattice-gas interactions e» and e»
to be equal. Studies of such a Hamiltonian in
mean-field theory'4 and through high- and low-tem-
perature series expansions" indicate that there is
a region of parameter space in which v acts as a
nonordering field coupling to a local "energy den-
sity" a& =n", +n~&. In this region a fixed value v
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does not change the basic Ising (s = 1) character of
the phase transition but merely produces a A. line,
T, (v). The available information" and phenomen-
ological arguments based equivalently on "hidden-
variable" theory, critical-point stability or uni-

versality, 8 or indeed other qualitative arguments,
strongly suggest, in the context of the model, the
validity of the Griffiths-Wheeler predictions on the
thermodynamic derivatives pertaining to the sym-
metric system.

To introduce the effect of asymmetry we carry
the above ideas one step further, in effect genera1-
izing the one-component fluid results. The hy-
pothesis we make is that the true free energy
F(T, 6, v) and the "ideal" or symmetric underlying
free energy F (T, b. , v} are related by the transfor-
mation

F(T, 6, v) =fF (T, 6, v) +g, (2. ii)
where the analytic functions f, g, T, Z, v are each
functions of T, ~, and v. Mermin and Rehr ' have
shown the connection (2. 11) to be rigorously true
in a variety of one-component models which have
explicit underlying symmetries. In the present
context there is nothing rigorous about (2. 11); it is
the natural generalization of the earlier results '

based on the assumption that the real system has an
additional field term (not exhibited explicitly) in
the Hamiltonian which simply draws the coexis-
tence surface out of the plane 6= 6,=0. In the
spin model described above, such a term could be
of the form

for the two coexisting phases, for example,

= (a/ tf "+b/ t/
""),

a(r)

where
s'F . (e'F

a =»mI z ~

a(r) ~»~ ~ & 8& rv

(2. 15)

(2. 16)

The same form (2. 15) holds for the second v deriv-
ative and the mixed derivative (93F/eb, bv)r ."
Returning to (2. 1)-(2. 5), and the arguments pre-
sented above, it follows that the generalization of
the one-component fluid analysis predicts that the
scattered light intensity should have the form (1.V)

with 6 = 1 —P.
This prediction represents the simplest possi-

bility, namely, that a real two-component fluid
can be described in terms of an underlying sym-
metric system with the variables T, 6, v playing
special roles. This would be the case if the spin-
1 Ising-like model mentioned above described a
two-component fluid as well as, say, the spin- —,

'

Ising model describes P-brass. At present the
evidence is that continuum systems are not so well
mapped onto simple Ising models; real systems,
for example, are characterized by values p =3
rather than &=~5. Nonetheless it is possible that
T, b, , v (or equivalently, T, p.„, ps) represent
the most symmetric variables with which to de-
scribe a real two-component fluid, this being the
generalization of experimental results on one-
component systems.

cT2 Z (0') Vg + Vt 0( ),
«y&

(2. 12) Ill. SPECTRAL-WIDTH ANALYSIS

when «» c e», the sum being over nearest-neigh-
bor spins.

The consequences of the genera1ization (2. 11)
are straightforward, and we do not spell out the
details. We merely note that the phase boundary
in the real system n.,(T, v) is determined implicitly
by

Z(T, a, , v)=0,

and the critical temperature by

T (n„T, v) = T

(2. ia)

(2.14)

The structure of these equations produces the weak

singularity 1 DT| ' in the coexistence diameter,
—,
' [n„(ltl )+n, (l tl)]. More importantly, now both

(& F/9& )r„= (&n/sa)r„and (9 F/Sv')r~= (BN/Bv)»
will have strong (y-type) singularities asymptotic-
ally; this is consistent with the Griffiths-Wheeler
hypothesis7 in that neither derivative is parallel to
the phase boundary in the nonsymmetric system.
Such a result also follows from mean-field theory
when density fluctuations are considered. We also
note that each of these derivatives is asymmetrical

As mentioned previously, the data for the spec-
tral widths are reliable enough to extract an asym-
metry exponent. One defines the symmetric and
antisymmetric parts

(3. 1)

v* = 0. 65+ 0. 03 (pure},
v* = 0. 63 + 0. 04 (impure),

(3.2)

which are to be compared with the T & T, values
v* (pure) = 0. 6&+0.03 and v* (impure) =0.70+ 0.03.
Within experimental margins there can be agree-
ment in the exponents above and below T„al-
thoug11 this need not be assumed.

The plots for I", , the antisymmetric part, are
shown in Fig. 4. The pure case covers a wider

combining the experimental results for the high-
and low-density phases. I', . for both pure and im-
pure phenol water is plotted vs t t 1 in Fig. 3."
The straight lines through the data indicate that the
leading terms in I', are characterized by the ex-
ponent v* [see (1.5)],



D. JASNQW AND %. l. GQI. DBUBG

lo—

lO

2
IO

O.OOOI

I I I I I I Ill
O. OOI

I I I I I I I II

O.OI

Pure

I I I I I I I Il

O. I

«I tl » ~) =(1+ &lfl")/(1- &ltl")-1 (3 4)

The data for both pure and impure phenol water
together with plots of the function t" for several
values of B and (d are shown in Fig. 5. A reason-
ably good fit is found with B= 0. 75 and co = —,'. This
is indeed consistent with our previous t'hoice 7 =1.
The data indicate that (d= —,

' is probably ruled out.
Further comment will be made below on the nu-
merical value of the coefficient B. At this point
we have satisfactorily characterized the asymme-
try in I' and turn next to an interpretation of these
results.

FIG. 3. Temperature dependence of the symmetric
part of the decay rate, I" =I'I, +I'&, for both pure and
impure phenol water. The slopes of the two straight
lines determine the exponents v (pure) and v (impure)
in Eq. (1.5).

temperature range, but the error bars grow at the
low-temperature end. The straight lines through
the data give the leading asymmetric term in (1.5),

7 = 1.0 + 0. 07 (pure),

7 = 0. 91 + 0. 08 (impure)

The above-quoted values of 7 are somewhat im-
precise, and the value 7=1 represents a working
hypothesis, An over-all numerical fit determining
v —v* can be found by plotting

1', (fff)/r'„(fff)- 1 vs fff

IV. INTERPRETATION OF SPECTRAL-WIDTH
MEASUREMENTS

As noted in Sec. I a connection between the spec-
tral width and the intensity requires the results of
a dynamical theory of critical behavior. ' We shall
use the Kawasaki-Ferrell relation

1' = (k T/67Irj$) k (k( «1), (4. 1)

where $ is the correlation range, II the viscosity, '~

and 4 the value of the photon. momentum transfer.
This is basically Stokes's law for a sphere of ra-
dius $ falling through the fluid. The relation (4. 1)
has been examined in several experimental cases.
ln the present system there may be several corre-
lations which become long ranged, i. e.,
( &n(r) 5n(r ) ), ( 5N(r) 5N(r ) ), and (5N(r) 5n(r ) ),
since each is expected to have a y divergence for
the total fluctuation, for example,

and fitting to the form following from (1.5), keT — = drdr'(5n(r) 5It(r')) .
7'Tv

(4. 2)

IOOO:

We make the usual assumption that all of the di-
verging correlation lengths $ are proportional.
Furthermore, in the spirit of Qrnstein-Zernike
theory~ we may take

I 00

~ Pure Phenol- Water

Impure Phenol —Water

I

r~

I.O—

O, l—
o

(b) r

~ (c)
o

~ Pure, 8 = 33
Impure, 8= 30.8

O.OOOI

I I I I I I I I I

O. OOI O.OI Q. l O.OI
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FIG. 4. Temperature dependence of the asymmetric
part of the decay rate, I",=I'&-I'„, in pure and impure
phenol water. The straight lines are reasonable fits to
the data points and determine the exponents & (pure) and
v' (impure) in Eq. (1.5).

ItI
FIG. 5. (I'&/I'z) —1 vs temperature for pure and impure

phenol water. The dashed lines are the functions (a)
a( I t I; 0.75, —.'), O } G( t g t; 5, -', ), and (c}a( I t t; 3, -',),
the function G(t t l; 8, u) defined in Eq. (3.4).
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I/I, Z' ~'/b, (4. 8)

where b represents an average second moment of
direct correlation functions. (We refer to an av-
erage here to include fluctuations in both n and ¹)
Combining (4. 1) and (4. 3) we have a relation be-
tween the measured spectral width and intensity:

F ~ I -1/2/(bl/2 q) (4.4)

q(~t~) =q»x+(I --)q (4. 5)

in the two-phase region, where mph 26x 10 '
g cm '

sec ' and q„=5x 10~ gem 'sec at T=60 C (=7,
in pure phenol water), and x is the weight fraction
of phenol. The coexistence curve is given by

x=x+c, ~t~',

with P= 3, c&=0. 8 —0. 9, and x,=0. 34. Then
(4. 5) and (4. 6) indicate that for t & 0 we may ap-
proximate

(4. 6)

(4. 7)

with q, = q(x, ) and the dimensionless coefficient
cz = cq(rj» —q )/7l, = 1.6 —l. 8. This range of values
probably somewhat overestimates the strength of
the temperature dependence of the background
viscosity.

To proceed further we assume that b in (4. 4) is
a constant and take its (assumed) finite value at the
critical point to be b= b, . Then (4.4) and (4. 7)
combine to yield the conclusion that it is consis-
tent for I to have the form (1.7) with 8 = 1 —P= —,',
while I has the form (l. 5) with v =1. Further-
more, the rela. tive a,mplitude B in (l. 5) and (8. 5)
would be given by B= c~ = 1.6 —1.8. The experi-
mental fit determined B= 0.75, as stated in Sec.
III. Recalling the order -of -magnitude estimate
for q(x), the agreement in these determinations of
8 is encouraging.

One should, in general, expect the second mo-

ignoring constants which cannot affect the observed
asymmetry and the slowly varying factor k~T.

Viscosity measurements below the critical point
are virtually nonexistent, and the question of a
weak anomaly in g as T -T, + is not well settled.
In any case, for phenol water, the viscosity anom-
aly appears to be broad and meak. The available
data for this system ' come to within t=-0. 003 and
show no sign of a divergence at the critical point,
but may indicate some kind of weakly anomalous
behavior in the one-phase region (there being no
measurements below 7,). To estimate numerical-
ly the low-temperature smoothly varying back-
ground viscosity, one can attempt to extrapolate
the data of Ref. 21 to T & T, . Alternatively, rea-
sonable numerical agreement with the above ex-
trapolation procedure can be obtained by a "per-
fect-fluid" approach, namely, to approximate

ment b to be asymmetrical in the two-phase re-
gion; within the Qrnstein-Zernike framework a
perfect-fluid form analagous to (4. 5) with a linear
concentration dependence would not be an unrea-
sonable choice. In that case, asymmetry in b

could make some contribution to the experimental-
ly determined relative asymmetry amplitude B in
(8. 5). We note here that detailed measurements of
the angular dependence of scattered light could be
used in principle to determine b, assuming Orn-
stein-Zernike form correlations; homever, ab-
solute intensity measurements wouj. d be required.

V, DISCUSSION AND SUMMARY

Both the scattered light intensity and spectral-
width data near the critical point of the phenol-
water system indicate asymmetry betmeen the two
coexisting phases below T, . The spectral-width
measurements for the system. are much more re-
liable in that they cover a larger temperature
range and are less susceptible to systematic er-
rors. The asymmetry in the spectral width can be
successfully characterized by the form (1.5) with
B=0. 75 and v =1. The analysis of Sec. IV shows
that it is consistent with the data for the intensity
to be characterized by (1.7) with 6=1 —P. The
analysis of Sec. II indicates that this should be the
case if a real two-component fluid has a most
symmetric description in terms of the independent
variables T, ~, v. One mould hope that this is in-
deed the case, since it is a natural extension of the
situation which obtains experimentally in simple
one-component fluids and theoretically in lattice-
gas models which have been treated. Further-
more, from a theoretical point of viem the above
variables (or linear combinations) are the natural
choice in the usual grand canonical formulation for
two-component fluids. It should be noted, however,
that if real fluids do not behave so simply, other
forms for the leading asymmetry exponent 7 are
certainly possible.

The analysis also indicates that the leading asym-
metry observed in the spectral width can be due
entirely to uninteresting background terms and ap-
pears to give no information relating to "intrinsic"
asymmetry in the thermodynamic functions which
characterize the system. Phenol and water have
midely differing viscosities, which makes c~ in
(4. 7) appreciable. This could be the reason that
an asymmetry in 1" is easily observed in phenol
water while it has not been accurately observed in
other systems.

Finally we mention that impure phenol water is
a three-component fluid observed at constant im-
purity (5. 7-wt/o H~PG2) concentration. In princi-
ple, exponent renormalization is possible, but in
this system has not been observed. 23
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Positions of the lowest odd-parity ' D states in He have been calculated variationally. The
trial wave function of Hylleraas type with four nonlinear parameters has been used. The re-
sults for the lowest ' D states obtained by using 112 terms in the wave function are lower than
the previous results. The mass-polarization correction has been also calculated. The transi-
tion 23P'-33D is of wavelength 3014.16 A, which agrees well with the previous calculation
and the experimental result. The '3DO states of H were also investigated, but no states of odd
parity were found in this calculation.

In a previous paper, ' the positions of the even-
parity D states were given. These states decay
through autoionization. In this paper the positions

of the lowest ' D states of odd parity are pre-
sented. These states lie below the n= 2 threshold
of He' and decay radiatively to the lower states.


