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A comparative survey is made of the neutron and light scattering techniques as applied to
structural investigations in the vicinity of critical points in fluids. For neutron scattering as
applied to fluctuaticns in binary mixtures, some criteria for a good contrast in order to optimize
the scattering parameters such as the isotopic composition or the concentration are considered.
This leads us to show how to write the partial structure factors in binary mixtures in order
to remove the coupling between concentration and density fluctuations artificially introduced
by Bhatia and Thornton when the components are of different size. Finally, the amplitudes
of the concentration fluctuations near a critical point are discussed.

It is clear, as compared to light scattering, that
very little use of neutron scattering has been made
up to now for the investigation of critical phenomena
in fluids. Although the two approaches are, in
principle, equivalent, the neutron scattering tech-
nique presents some interesting advantages which
we shall emphasize while restricting ourselves to
structural problems. We will then investigate in
more detail the case of the binary mixtures near
their liquid-liquid critical point and show what are
the criteria for good contrast. These citeria are
fundamental if one wishes to optimize the scattering
parameters such as the isotopic composition. This
will lead us to show how to express the partial
structure factors in order to get rid of the coupling
between concentration fluctuations and density
fluctuations introduced artificially by the size
difference of the two components of a binary
mixture. This might bring up important simplifica-
tions in the partial structure factor evaluation of
binary alloys. Finally, we shall discuss the ampli-
tudes of the concentration fluctuations in the
vicinity of a critical point.

I. General comments on the neutron scattering in-
vestigation of critical phenomena in fluids

When speaking about critical phenomena we
think about long range fluctuations in real space,
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therefore the scattering signal corresponding to
these fluctuations will be observed only at very
small values of the momentum transfer & between
the incoming neutron particles and the system.
Since k =47/ sin 0, with 260 the scattering angle
and A the neutron wavelength, we should either
work at very small scattering angles or/and at long
wavelengths. This is achieved in practice with small
angle neutron scattering machines such as D 11 [1]
and D 17 at the Institut Laue-Langevin (Grenoble)
where 5 <4 <18 A and 3-10-4 A-1<k<0.6 A1,
This k-range is rather quickly covered by the use of
the multidetector technique [1].

As compared to light scattering, the large k-range
available in the neutron experiment as combined
with the rather low values of the correlation length
for fluctuations which are detectable (typical values
for the correlation length & are 5 A <&<3000A)
allows a quite large portion of the k, & space to be
explored. Figure 1 displays the k, & diagram [2].
The shaded areas represent the conditions of the
neutron scattering experiments, the continuous
line rectangle represents static light scattering
conditions, the dashed line rectangle, dynamical
light scattering. It is clear that neutron scattering
is more appropriate to studies in critical conditions,
i.e. with £&> 1 (upper left). The light scattering
experiments, on the other hand, cover more
extensively the hydrodynamics regime, k&<1,
(lower right). This is even more evident when one
realizes that the temperature stability conditions
necessary to obtain & values greater than 103 are
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Fig. 1. The figure represents the k& conditions of the
neutron scattering experiments as compared to light
scattering. The dark shaded area represents the condition
of neutron scattering easily accessible experimentally
(the light shaded area is technically more difficult to
be achieved). The rectangle delimited by a continuous line
represents static light scattering conditions, the rectangle
delimited by a dashed line, dynamical light scattering.
As seen light scattering covers more extensively the hydro-
dynamics (k&< 1) conditions.

quite difficult to achieve ((7'— T¢)/Tc < 1079).
Moreover, density or concentration fluctuations of
correlation lengths as small as 5 A, i.e. quite away
from critical points, will easily be detected by small
angle neutron diffraction. A structural basis could
therefore be given to the anomalies observed in
dielectric properties [3] or electronic transport
properties [4], [5] quite away from the critical point
in liquid binary mixtures.

On the other hand, the ka <1 condition (where
a is a characteristic length of the system) or the
equivalent requirement that the small angle scatter-
ing should not be perturbed by short range order
effects (or near neighbors ordering) is also generally
satisfied (see Figure 2). As long as we keep k below
0.3 to 0.5 A-1 there is no interference from struc-
tural features displayed in conventional scattering
experiments or structure factor determinations. The
use of large wavelengths also reduces the multiple
scattering problems, the main peak in the structure
factor being outside the k-range (see Figure 2).

On the experimental side there are also a few
unique features. Of course there is the general
characteristic of the neutron beam not to be limited
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by the opacity of the samples and their containers
or furnace assemblies but only by the absorption
cross sections of the materials in the beam. This is
a very favourable aspect for high temperature
studies of corrosive materials [6]. It is however
sometimes difficult [6] to find container materials
which do not scatter at small angles, and the rather
large area of the beam (about 1 cm?2 which might
be reduced with a corresponding loss of intensity to
a beam height of 1 mm) is a difficulty for gravity
effects in liquid-gas critical investigation. One of
the main advantages, however, as compared to light
scattering is the very low background level (no
parasitic effect due to the main beam) and its small
k-dependency [7], [8] which makes it quite easy to
scan the scattering signal as a function of angle or k.

Most of the above characteristics of neutron
small angle scattering have already been applied to
a few experimental cases. The good accuracy
obtainable in the intensity versus k plots as
combined with the easiness to be in the critical
conditions have been used to attempt a direct
measurement of the very small critical exponent »
[9]. Difficult experimental conditions such as the
study of reactive or corrosive materials, including
high temperature studies have been realized [7, 10,
11, 12] in the investigation of systems displaying a
non-metal to metal transition in the vicinity of a
liquid-liquid critical point. We must recognize,
however, that X-Ray small angle scattering, except
for the severe difficulties related to the sample
containment and the shorter k-range accessible in
practice (3102 <k <0.3 A-1) might also be
applied to similar problems [13]. The uniqueness of
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Fig. 2. The figure compares small angle neutron scattering
and typical structure factor determination. It emphasizes
the effects of wavelength change as well as of different
geometrical conditions. The intensity scale is identical
in the two pictures, the height of the small angle signal
observed in the right hand side picture is limited by the
lowest k accessible on a conventional diffractometer.
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neutron scattering becomes then quite apparent
when one explores spin fluctuations such as in the
recent studies on iron and cobalt far above their
Curie point, up to the molten state [14]. Moreover,
as we shall show below, the isotopic substitution of
one element in a binary mixture might significantly
alter the contrast and enhance the small angle
scattering signal or eventually suppress completely
one of the scattering terms.

11. The case of binary mixtures

In the case of binary liquid mixtures, following
the Bhatia and Thornton formalism [19], the
coherent neutron signal is the weighted sum of
three partial structure factors.

1 do coherent 5

(== = k) + (AbY2 Seo(k

N(dg) <b>2 Snn (k) + <Ab)2 See (k)
+ 2 <{b) <Ab) Sne(k) (1)

where
by =c1b1+ c2bs,

¢1, ¢2 and by, be are the concentrations and scatter-
ing lengths of the two constituants (¢; 4 ca=1).

In the k=0 limit, following Bhatia and Thornton
these three partial structure factors reach their
thermodynamic limit, i.e. (see comments on these
equations in Section III)

{Ab> = by — bs.

N
Syn(0) = v kT - Kp 4+ 028.(0),
_NEsT (2)
(02G[2co®) TPy

SNc(O) =—90 Scc(o) s

Scc(O) a

where N and V are the total number of atoms and
the volume of the irradiated sample.

K 7 is the isothermal compressibility.
1\7
0= v (V1— V) with Vy, V2 the partial molar
volume of the two constituants. G is the Gibbs free
energy of the system.

Snw(0) and S (0) are simply related to the mean
square number of particles and concentration
fluctuations of the system ((AN)2) and {(4c)?)>. In
the case where =0, i.e. V1= Vs, the fluctuations
of the number of particles {((AN)2) is equivalent to
the fluctuations of the number density {(4 (g))2> if
we consider, as we generally do, a constant volume
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in an open system. These thermodynamic values
are directly obtained from normalized small angle
scattering experiments [15].

In the general case, 4 ==0, the Eq. (1) is written as

1 [ do \®h 5 2Nk 5
WD fpg 0 FBE 3)
by 8 — (Aby ] kBT
or
AK7p + BS¢(0).

With the approach of a liquid-liquid critical
point the first term of this equation is slowly
diverging (it is equivalent to the refractive index
term in the light scattering experiment) and the
second term is strongly diverging, since at 7. the
second derivative of the free energy versus con-
centration tends to zero; but of course the neutron
coherent scattering signal will depend also on the
two contrasts as expressed in the B coefficient, i.e.
V1 — Vs or 6 and by — by or (Ab>. We recall that the
neutron small angle scattering at k =0 is, in a first
approximation, easily described by standard proce-
dures such as the Ornstein-Zernike relation.

The B coefficient may be written as

[ V1ibs — Vaby
O s i 1Y 4)
| ¢1 Vi4ca Vs
and we obtain a single contrast
[ TP P
B=|N-——|(b— b2, (5)

where by’ = b1V and by’ = b/ Vs are the scattering
lengths per unit volume.

It is this contrast between scattering lengths per
unit volume of the two constituants which will
determine if a neutron small angle scattering
experiment has a chance of a successfull outcome.
We must emphasize that even in the case where b;
is near b, we might have a strong small angle signal
due to the volume differences between the two
components. Of course, this raises the question of
the correct identification of these two components.
In the case of compound formation in a binary
mixture we might e.g. encounter concentration
fluctuations between one pure component and this
compound.

In systems which present a liquid-liquid mis-
cibility gap and where the two extrema of the
concentration fluctuations have been well identified,
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the excess volume of mixing is often negligible, i.e.
V1 and V are nearly concentration independent
and equal to the volume of the pure components,
or more exactly of the two extrema of the fluctua-
tion. Therefore the contrast by’ —bs’ is a charac-
teristic of the system which might depend very
slightly on concentration.

Here comes in the interesting effect of isotopic
substitution. Ruppersberg [16] has extensively used
the negative value of the 7Lithium scattering length
to investigate alloy concentrations where (b) is
zero, i.e. [see Eq. (1)] the S partial constitutes
the whole scattering pattern. In the case of the
Li-Na mixture this is particularly interesting since
the “zero alloy” concentration is very near the
liquid-liquid critical concentration. We might
however argue that in the case of atoms of different
sizes the concentration cg is probably not the right
order parameter, the volume fraction being
eventually more appropriate. We may also suggest
using isotopic substitution to investigate systems
where b1’ —b2’ is zero. This would bring the
possibility of studying directly the slow divergence
of the compressibility term 4Ky near 7. It would
be most interesting to figure out what are the
species which take part in the concentration
fluctuation process. Indeed b;" and by’ refer to the
actual scattering species which are not necessarily
the pure constituents. As seen above, there are
cases where complex formation occurs and a
miscibility might happen between a pure constituent
and a complex; in the system lithium in liquid
ND; for example, there are fluctuations between
pure ND3 and the solvated metal Li(NDs),. If by
isotopic substitution or concentration changes we
succeed in producing a zero contrast (b’ —bs’ =0)
we obtain directly the ratio of the partial molar
volume of the two terms of the fluctuation, i.e.
informations about the real species involved in the
fluctuation process.

I11. A convenient formalism for liquid binary
mixture investigations

We have seen that a significant parameter for
small angle concentration fluctuations is the con-
trast between the scattering lengths per unit
volume. This leads us to show how the set of
partial structure factors introduced by Bhatia
should be corrected in the case of atoms of different
size. The scattering experiments on liquid binary

mixtures are generally performed on open systems
at constant scattering volume defined by the
collimated incoming neutron beam on the sample
and not at constant number of particles. We are
therefore in the condition of a grand canonical
ensemble. Under those conditions, Hill [20] has
shown that there is no coupling between number
density and concentration fluctuations. Bhatia and
Thornton however [Eq. (A7) in [19]] introduce
their variables, number of particles and concen-
tration in such a way that the number density
might also fluctuate through concentration effects,
since in the case of atoms of different sizes there is
no explicit volumic constraint on the fluctuations
of the number of species 1 and 2. This is why the
Snn(0) term contains not only a compressibility
term but also a term depending on the fluctuations
of concentration, through the difference in the
partial molar volume of the two species. It is
however possible to remove this coupling. One may
simply, for example, rewrite the scattering Eq. (1)
as a function of the fluctuations of the volume
fractions instead of the mole fractions. This is a
standard alternative of expressing concentrations.

We define the volume fraction
1 =rc1 V1/(c1 P14+ ¢c2 V)
and a scattering volume V defined as
V=N1Vi+N:V>.

We are now looking for a relation of the type

1 do‘ coh
v ( ao ) = (b2 Syw (k) + <Ab)2 Sqq (k)
+ 240" <Ab") Sy (k) (6)

with

b =@1b’ + g2ba’; b’ =bi/ Vs,

{Aby = by’ — by’

and with Syy and S referring to the total volume
and the volume fraction fluctuations.

In the £ — O limit the relation between the new
set of thermodynamic variables and the previous
one is

(_azﬁ) _(@20) (c1 V1 + ca V2)3 .
Ops2 Jrpn  \ 022 7PN (V1 V2)2 @

and therefore

N (N 2
See(0) = 7 (7 121 Vz) Sec(0) .
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In the same way
Syy(0)=kgT-Krp.

The relations (6) and (3) with (5) can now be
identified as a proof that there is no coupling
between 1 and ¢ and thus Sy¢(0) = 0. We therefore
obtain for the scattering at k=0

1 do‘ coh
lan) =@ s+ a2 s, ®)
r\de /,._,
The first term of this equation is actually the total
number density fluctuation ({(49)?)/p2 where
e=N[KV).

This result has been achieved because the local
deviation A¢ from the mean volume fraction ¢,
which is

VAg = g2 V1 ANy — ¢1 Vo AN, 9)

becomes, at fixed volume V', entirely symmetric
with respect to fluctuations of the number of
species 1 or 2, even for species of different sizes. The
fixed volume I condition implies that

V1ANy = — V2 AN, . (10)

There is no such a condition in the Bhatia and
Thornton formalism, where the local deviation from
the mean concentration ¢, at fixed number of
particles IV,

NAc = C2 L]A\’vl —C1 JJA\'Q (1 1)

has asymmetric volume effects and consequently
raises differences between fluctuations of number
of particles and of number density. If one simply
adds the condition (10), i.e. the requirement that
the fluctuations of concentration do not lead to any
change in volume, to the Bhatia and Thornton
formalism, one however decouples also effectively
the number density fluctuations from the concen-
tration fluctuations.

The Eqs. (6). (7) and (8) present therefore an
adequate set of partial structure factors in the small
angle scattering region and at the approach of the
thermodynamic limit, since each partial is clearly
related to one of the two identified physical
fluctuations.

For large values of k. the interest of the forma-
lism is less obvicus. Spg(k) does not tent to zero
for large k values as does Sy (k) [19]. It is however

quite plausible that Sy¢(k) structurless as it has been
assumed for Sy(k). This question is very important
for the experimental determination of the partical
structure faktors since it would allow to reduce the
problem to the determination of only two partial the
structure factors instead of three, and this in the
general case where the constituants have different
sizes.

IV. S.c(0) or S,,(0) and the distribution of the
concentration fluctuations

If the fluctuations are not too large, S (0) is
directly related to the mean square concentration
fluctuation; {(A¢)2)={(c—¢)2) with ¢ the mean
concentration, i.e.

8ee(0) = N kg T/(32G/oc)ppy = N ((dc)2> . (12)

In a critical region this relationship does not tell
the whole story about the fluctuations since the
distribution of concentrations about the mean has
a strongly skewed Gaussian shape [17]. Higher
momenta should therefore be investigated to
describe carefully the concentration distribution.
Nevertheless the second momentum, which gives
the width of the Gaussian distribution, is always
the leading term and is generally sufficient to
describe the overall feature of the fluctuations.

The problem is now to define a relevant volume
scale in  which the concentration fiuctuation
distribution can be studied. If V is the volume of
the vessel, N is a very large number indeed, and for
a given S (0), {(A4c)2> always tends to zero: the
distribution of concentration at the volume scale
of the whole sample is actually a o function. The
volume scale for fluctuations is certainly smaller,
however, and must be related to the coherence
length & of the fluctuations as measured in the
neutron scattering experiment. Thus the relevant N
in this volume must be proportional to &3 in (9).
It is only at this £3 volume scale that the distribution
of concentrations is observable.

It is now easy to find out the behaviour of
{(Ae)?> in the vicinity of a critical point. We choose
¢ as the critical concentration for the sake of
simplicity. S (0) is known to diverge [18] when
T — T goes to zero along the critical izochore with
a power law of the type

920 (0) C( T TC)—;.,
Pee p= \ TC ’
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In the same way & diverges as
T—Tc\™
§:5°(Tc) :
where y and » are critical exponents whose values
are

1<y<130, 05<v<0.66.

Thus ((A4c¢)2) at a temperature dependent &3 volume
scale follows the law

{(Ae)2> = ¢ (T —Te )3"_7
; T, )
and since y = v(2 — %) [18] we obtain
T — T 04—
(o) = C’ ( Tc> , (13)

where 7 is an exponent whose value is 0 <<% <0.10.
It is interesting to emphasize the fact that, as T
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