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We report the first light-scattering study of a critical mixture (aniline-cyclohexane)
under shear flow S which affects critical Quctuations with relaxation time T only in the
region ST&1. All anomalies can be expressed as a function of ST only and can be inter-
preted by a lowering of the critical temperature AT&($) =T~S ', where T~ is a constant.
In addition the scattered light is found to exhibit a noticeable anisotropy with respect to
the flow direction.

Critical phenomena at equilibrium have been
extensively studied. ' Close to a critical point,
the fluctuations of the order parameter strongly
increase, leading to the divergence of the sus-
ceptibility y and the correlation length g, and the
time decay & of the Quctuations goes to zero. If
T is the absolute temperature, T, the critical
temperature, and e = (T —T,)/T„y =go e &, and
)= foe ", then go and $o depend on the system,
and y and v are universal constants which depend
on the spatial dimensionality d and the number n
of components of the order parameter. For bi-
nary fluids, the order parameter is the differ-
ence between the concentration and its critical
value c —c„' the susceptibility is lf = (Sc/S p, )»
where p. is the difference between the chemical
potentials p=p, , —p of the components and P is
the pressure. With d = 3 and n = 1, y = 1.24 and
v = 0.63= 2 y. Light-scattering techniques' have
proved to be very useful for studying the above
quantities.

Until now no studies have been reported con-
cerning critical Quctuations out of equilibrium.
We report here the first measurements concern-
ing concentration fluctuations in a critical mix-
ture under shear flow using light-scattering tech-
niques.

Refer to Fig. 1(a). The binary mixture used was
the cyclohexane-aniline system. Aniline was puri-
fied by distillation; cyclohexane was of spectro-
scopic grade. The experimental mass fraction
of aniline c =0.4700+ 4&10 4 was close to the crit-
ical composition (47%%uo in weight). ' The mixture
was frozen in a glass cell described below, which
was sealed under vacuum. The shear flow is pro-
duced in a rectangular quartz pipe c whose dimen-
sions in Cartesian axes Oxyz are L „=L= 15 cm,
a, =a =0.3 cm, b, =b =0.5 cm. This pipe C is set
horizontal and, during the run, the liquid Qowed
along the x axis through C from a graduated cy-
lindrical reservoir A (with a maximum fluid-

height difference Ho =7.0 cm) into another res-
ervoir B. At the end of the run, some liquid re-
mained in C so that all experiments performed
with or without shear could be directly compared
under exactly the same geometrical and tempera-
ture conditions. The cell was fixed on a wheel
which could rotate enabling the vessel A. to be re-
filled. A mechanical locking system ensured that
the capillary returned to the same position for
each run. A pipe with a valve served to refill A
while an extra pipe served to equalize the pres-
sures when flow took place from A to B or from
B toA. .

The whole apparatus was immersed in a water
bath where it could be seen through a double win-
dow. The thermal stabilization was + 2&10 4'C
over more than one hour, as verified by a quartz

O

thermometer. A laser beam (&o =6328 A, cross-
sectional diameter 4, =0.35 mm) directed paral-
lel to the horizontal z axis enters the pipe at x
=0, y =yo =0.1 cm, z =0.25 cm, as verified by a
cathetometer. A lens centered on the beam imag-
es the scattering volume on the photomultiplier
pin hole. The lens supports an off-center pin
hole, so providing a choice of scattering angle
0= (K» Ko), where Ko is the incident-light wave
vector (Oz) and K~ is the scattering wave vector.
When rotating the pin hole around the laser beam,
8 or Ig I

=
I K~ - Ko I remains constant while the az-

imuthal angle y =(g, V) varies [see Fig. 1(a)].
Here V is the flow velocity vector, parallel to
Ox. We experimentally checked that, for small
scattering angles as considered, the (vertical) po-
larization of the laser beam does not modify the
scattered intensity distribution which remains
isotropic in the x-y plane.

In order to determine the velocity V, we used
three methods: a calculation using a Poiseuille
velocity distribution, the time variation of the
liquid volume in', and a laser Doppler velocime-
try determination. All the measured and calculated
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The inQuence of the velocity gradient parallel to
Oz has been neglected. Indeed the corresponding
gradients are smaller [ratio (b/a)' = 3], and are
not well defined since they are integrated over
all the scattering volume. Moreover, the inQu-
ence of this particular velocity gradient can be
suppressed when imaging only the center of the
scattering volume. The shear at y =yo can there-
fore be deduced:

S(ye+ ac'» t) =dV(ye+ ~z4» t)/dy
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FIG. l. (a) Scattering geometry. 0 is the center of
symmetry of the pipe. (b) Transmitted intensity vs T
—T, at decreasing shear rates S~903, 510, 288, 163,
92, 52, 29, 16, 9.5, and 0 sec . Vertical lines corre-
spond to the crossover temperature where $7~1.

values agree with each other, giving the follow-
ing time variation: V(t) =V,exp(- t/to) with Vo
=93 cm sec ' and t, =13.1 sec. We infer the Rey-
nolds number (R(t) =V(t)a/v„where v, = 1.93 &&10 '
S (Ref. 4) (1 stoke =1 cma/sec) is the kinematic
viscosity. The maximum value $(0) =1450 shows
that turbulence is never reached. We verified
that all experiments which were started at vari-
ous different values of $(0) (i.e. , various heights
inA) gave equivalent results. The length l at
which the parabolic velocity distribution is ob-
tained within l%%uo is l (t) =0.03a+(t) =13 exp(-t/to)
cm. At any time t) 5 sec the Poiseuille distribu-
tion is therefore established in the measurement
region, and the velocity at the measurement
point can be written

V(x, y, ~, t)=V(y, t)

= 2V, [1-(2y/a)]exp(- t/t, ).

= (1800+ 280) exp(- t/to).

The uncertainty is mainly due to the finite diam-
eter 40 of the laser beam.

The lifetime of the concentration Quctuations in
the real space, i.e., at q$ 1 and without shear
is 7. =A (T —T,) '" where A = 5m') o'T, '"/k, T, = 4.8
&10 ' cgs" using the values $, =2.45 A, ' T, =303
K, g =1.78cI'0,' and k& is the Boltzmann constant.
For experimental values T' —7.', ~ 1x10 ' 'C, then
~(2.2 sec. In these time intervals the velocity
distribution varies less than a few percent in C.

A simple calculation of the extra heating due to
the shear, taking into account the experimental
conditions, shows the following: (i) This heating
should be proportionaI to S, and not S', since a
volume element is submitted to the shear during
a very short time. (ii) The maximum heating cor-
responding to the maximum shear (903 sec ') is
much lower than 10 ~'C, and is negligible.

The contribution of the multiple scattering is
also negligible because of the dimensions of the
capillary. The gravitationally induced gradients
would take place only after a time much longer
than the experimental measuring time.

The transmission V' of the laser beam through
C, which is related to the turbidity 5 by 5= —(1/
b)L„T, was studied as a function of T —T, and of
S. When S =0 we verified that our measurements
agreed with those of Ref. 7 and thus accurately
determined T,. When the mixture was submitted
to the shear, Fig. 1(b) shows that 7 is an increas-
ing function of S. So the shear reduces the Quc-
tuations of lifetime 7 only when it has enough
time to distort them, i.e., when S '&w. Two re-
gions can therefore be delimited: S~ & 1 where
the shear has no action on critical properties
and S7 ) 1 where the shear affects the critical
Quctuations. Moreover, two striking features can
be inferred: (i) A mere change in T —T, is suf-
ficient to normalize E, i.e., K(T —T„S)= 9 (T
—T, +&T»0) where &T, is a function only of S
[Fig. 2(a)]. (ii) The ratio 1'(T —T„S)/1'(T —T„O)
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or 6(T —T„O) —6(T —T„S)=i) 6 shown in Fig. 2(a)
is only a function of S~, as expected. '

In the temperature range studied g' CC (T —T,) ' ~4s

where B = (s'lX, )(sn'/&c)'k, T, )(,/2Kc) oa. n is
the refractive index. With use of the values of
Hef. 7, B= 0.62. From (i) and (ii) we deduce that

6 (T —T~, 0) —6 (T —T + b Tc, 0)

= 4&BL~ [1+6 Tc /(T —T,)]

is a function of S7. S and w being indepen-

FIG. 2. (a) Lower (crosses), apparent decrease DTp
of the critical temperature vs shear S, deduced from
transmission measurements and compared to T~S+.
Upper (circles), turbidity change Ad ~d(T —T, O) -d(T-T„S) vs the variable SY where v is the lifetime of
fluctuations without shear. The dotted line is the calcu-
lated variation (see text). (b) Mean scattered intensity
(i) ~ i„(circles) and anisotropy factor 6 (crosses)
vs the reduced variable ST at q~~1.82&&10 cm (full
circles and upright crosses) and q2 ~2.86&&10 cm
(open circles and tilted crosses). The full line repre-
sents a variation (t/$')2 and the dotted line a variation
o.17(&/(') (see text) .

FIG. 3. Reduc ed intensity i (see text) in the x-y plane
at constant light wave number q&

= 1.82 & 10 cm ~, T —g
=1.5~10 3 C and for decreasing shear rates S=903,
510, 288, 163, 92, 52, 29, and 0 sec '. The smallest
curve corresponds to S=903 sec ~, and the circle of ra-
dius unity to S=0.

dent variables, we infer &To(S) = T,S"",' with T,
a constant. Figure 2(a) shows the close agree-
ment between this relation and the experimental
data, provided that 7', = 1.S&&10 cgs. 46 can be
evaluated from b T,(S), b6 =1.56L~I1+ T,(S7/
A)'~s"], and this formula can be compared to the
data. In Fig. 2(a) the agreement is good if T,=8
X10 ' cgs, which is a value of the same order of
magnitude as that directly inferred from (i). We
therefore have shown that the first effect of shear
on critical fluctuations is to apparently change T,
by an amount ~7', =&To ~S'~".

We performed most of the experiments at the
light-transfer wave vector q, =1.82&&10' cm ' (0
=7'). Another wave vector was investigated for
sake of comparison: q, =2.86x10' cm ' (0=11').
Intensity measurements I(T,S,y, Q) were com-
pared to the value with S = 0 and corrected for
turbidity effects. We consider the reduced inten-
sity

We will write i„, when g=q„, q,. Figure 3
shows that the mean scattered intensity decreas-
es with increasing shear as expected from the
turbidity results. Moreover, a noticeable an-
isotropy is detected which is sharply centered at
y =s'/2 if the finite extent of scattering angle (6y
=10') is taken into account. This allows simpli-
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fications to be made for the mean scattered in-
tensity at vector q'. (i)=i„. If we define a.n a,n-
isotropy factor & =i, /i —1, Fig. 2(b) shows that
both (i) and & are functions only of Sv and that
they are at most weakly dependent on q. This re-
sult prevents us from comparing (i) to ($ "/$')[(1
+ q' $ a) /(1+ q' 5 ")], wher e $

' = ( (T') with T' = T
+ T,S"'" since in the domain studied the ratio (1
+ q $ )/(1+ q $

' ) is not a function of Sw only. So
we simply tried to fit (i) ' to ($/$')' and obtain

where n' is adjustable. The agreement is good
if e'=1.15. In the sa,me way the anisotropy fac-
tor is seen to vary roughly as (i) ' so that &/(i)
= const = 0.1?.

The product S7 has been found to be the only
relevant scale of turbidity anomalies which lie in
the region S7) 1. These anomalies are well ex-
plained by a reduction of the fluctuation size cor-
responding to an apparent change in T, given by
~TO iS . We measured T,= 1.8x10 ' cgs
and 1/3v = 0.53 in the range S = 2-1000 sec '.
The mean reduced scattered intensity (i) varies
correspondingly with the 7', change and is almost
independent of q. An anisotropy (b. ) of the scat-
tered light was detected. Both (i) and & are func-
tions of S~ only in the range S~ = 5-2000.

We thank P. Bergs for having suggested this
work and J. L. Pichard, P. Bergs, and P. G.
de Gennes for stimulating discussions.
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This paper reports investigation of the role of spin fluctuations (paramagnons) in the su-

perconductors Nb and V. For this purpose, experimental data on specific heat and mag-
netic susceptibility are reanalyzed. Furthermore, the Eliashberg equations including the
particle-hole t matrix are solved numerically. It is found that in Nb and V, spin fluctua-
tions substantially reduce T, while their contribution to the mass enhancement m+/m is
typically of order 0.2.

In the last few years interest in a microscopic
understanding of superconductivity has focused
on ab initio calculations of the superconducting
transition temperature 7.', based on the Eliash-
berg equations. ' The latter are believed to give
accurate results for T, within a few percent, pro-
vided reliable normal-state quantities are avail-
able. These are the electronic band structure,
the lattice dynamics (phonons), and the matrix

elements of the electron-phonon coupling, as
well as the Coulomb repulsion between the elec-
trons which are described in a global way by a
constant p. *.

Today, for the majority of elements one has a
profound knowledge of the electronic band struc-
ture and the lattice dynamics. Nevertheless,
microscopic T, calculations for elements with
these data often fail by a factor of 2 or more. In
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