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Rayleigh scattering and flow birefringence measurement in colloidal solutions
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A unique method for measuring the birefringence intensity of colloidal solutions which become anisotropic
under the action of orienting flow is described. When a laser beam crosses a liquid-containing asymmetrical
particle orientated by the flow, the scattered intensity in a direction perpendicular to the wave vector of the
incident light shows nodes and antinodes. The distance between two antinodes is related to the phase difference
between the eigenpolarizations of the medium and thus to the birefringence of the medium.
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In a perfectly transparent and homogeneous medium, anit vector. The distance between the particle and the point
plane wave will propagate in the direction of its wave vectorwhere the scattered wave is observed isis the unit tensor
without diffusion on the sides. When the medium containsand n, the tensor of the relative refraction indexes of the
particles or small regions, the index of refraction of which isparticle,
slightly different from the index of the surrounding medium,
the optical homogeneity is lost: light will not only propagate n €
in the direction of the wave vectdr but will be scattered in n, = L= \/1 (2
every direction in space according to Rayleigh theory. L €

This scattering phenomenon is also observed in colloidal ) ) S ) o
solutions of anisotropic particles. When subjected to the acE(X’) is the internal field in the medium, sum of the incident
tion of orienting flows, and when the particles also have arfield Ej(x’), and the field resulting from the polarization
asymmetrical shape, the solution becomes anisotropic arfd'(x"). Replacing the index of refraction by the permittivity
shows flow-induced birefringence. Although the scatteringn Eq. (1), the vector[nf(x’)—l]-E(x’) becomes
and the birefringence both result from the polarization of the
medium under the action of the incident fielj and thus 1
might be correlated, we shall assume that the field in the —[e(x") -l ]EX). Q)
anisotropic medium is the sum of an elliptical vibration €1
propagating in the same direction as the light incident on the i
medium plus the scattered field. The linearity of Maxwell’s IN Eq. (3) the term in brackets represents the excess of po-
equation allows to treat separately the two phenomena. Iarlz_atlon due to presence of anisotropic particles in th_e iso-

Our aim is to find the amplitude, or the intensity of the _trop|c substratum. _We shall assume that the three_prmmpal
scattered light, in a medium propagating an elliptical vibra-indexes of the particle are not too different from the index of

tion. To do so we have to solve Maxwell's equation in thethe surrounding medium, so that
medium that we shall assume to consist of a homogeneous

isotropic medium(refraction indexn,, permittivity ;) con- ni 1
taining anisotropic particle§rincipal indexes of refraction n -
tensom, and principal permittivities tensa,). To solve this
problem we shall simply follow the development given by
Fuller [1] for anisotropic particles in vacuum. We assumeE(X,) is not too different from the incident electric field since

that the time dependence of the electric fig|ds a harmonic the contribution to the internal field due to the polarization is
function oft and that the space is free of charges; The am- P

plitude of the scattered field is given by small; E(x') then reduces to

wherei =1,2,3.

In that case, following van de Hul$®] the internal field

Es:kif dx’ekalrexp(—ikS-x’)(l — ) Ei(x") = n;Eg expliky - x'),

v 4t

n; is a unit vector and we assume for now that the incident
X[NE(x") = 1E(X). (1) light in the medium is linearly polarized in the direction of
n;. In an anisotropic medium, this is usually not the case,
light is elliptically polarized and the end d&; describes an
ellipse; however, as we shall see in the following, when the
phase difference introduced by the anisotropic medium
equalsmm the polarization becomes linear akg keeps a
*Electronic address: decruppe@Ipli.sciences.univ-metz.fr fixed direction in space. The scattered amplitude is written as

ki is the magnitude of the incident wave vectkg is the
wave vector of the scattered field, akgkksu, whereu is a
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also have asymmetrical shape. The surrounding medium is a
solvent(usually watey and the solution is subjected to flow

in a shearing cell. We shall assume that the mean refraction
index of the particle is not too different from the index of the
solvent so that structural contribution to the birefringence
can be neglected. This assumption relies on the stress optical
rule which applies to the samples studied in this work, at
least in the range of shear rates investigated.

Under the action of the hydrodynamical field, all the par-
ticles will take, on average, the same orientation and the
solution will become birefringent; as concerns light propaga-

o ,exp ' , tion it will behave exactly like a biaxial crystal with three
Es=ki Vd “dmr X H-itky—kg) -x'] principal axes that we shall assume to be the same as the
systemOX; X,X; fixed to a single particléthis assumption
relies on the fact that all the particles in the medium will take
the same average orientatjorin the case of Couette flow,
the average orientation is characterized by the so-called ex-
All the vectors and tensors in E¢4) are expressed in the tinction angley defined as the smallest angle between the
principal axis coordinates syste@¥%; X, (see Fig. 1, thusn,  direction of the flow and one of the principal directiaiso
is a diagonal tensor, the elements of which are three scalaalled neutral lingin the plane of the flow. Good examples
quantitiesu andn; are unit vectors and do not depend on theof such anisotropic liquids are micellar solutions which often

FIG. 1. Coordinates systen®X;, OX,, OX; principal axis of
the particles.

2/, 1
(I - uu)(ﬂpr(:z(—) —1)nEo. 4)
1

variablex’. show very strong birefringence even under rather weak

The vector(l —uu)[(nﬁ/nf)—l]ni is thus independent of shearing condition§4]. In that case the classical method of
x" and can be removed from the integral. Senarmont3] often is useless. We shall see that the pattern
In the following we shall calN; the vector, of the scattered intensity will lead to a very simple way of

2 finding the birefringence of these solutions. The birefrin-

N, = ( _ |) (5) genceAn is related to the phase differengéz) between the
n1 two eigenpolarizations of the medium by the simple relation
It can easily be shown that SN
(I —uu)N; =u X (u X Ny). An= 27z’ @

Finally, the amplitude of the scattered field takes the simper

form, where\ is the wavelength of the light armthe thickness of

the sample.
explikqr In a purely birefringent medium, the eigenpolarizations
Es=KEo—, p( : )[ X (UXNJS, ©  are two linearly polarized vibrations at right angles which
propagate at different velocitigs # v,); thus any linearly
where Szfvdx'exp(—iq-x’). WhenN; is parallel tou, the  polarized light incident upon the anisotropic medium can be
scattered amplitude and consequently the scattered intensitgsolved in these two linear vibrations which oscillate in
is zero; thus for an observer looking in the directidp he  phase at the entrance of the medium but show a phase dif-
should see no scattered light: an antinode will appear in théerence¢(z) after traveling a certain distanaeinside; thus
scattered pattern. It should be remembered that usmally the vibrationE; is elliptical except forp=ma. In these cases
and consequentli); do not keep a fixed direction since the the vibrations are linear and their direction is one of the two
polarization is elliptical and the observer will see an averagelirections given by
intensity (EsEg) different from zero; however, as already
quoted, when the phase difference equats the vibration n; =uU; COSa + U, Sina, (8)
becomes linea\; has a time-independent direction, and the
scattered intensity is zero in that direction. whereu, andu,, respectively, are unit vectors alo@X; and
For simplicity, we shall restrict our calculation to a wave OX, and « is the angle betweeB; and OX;.

propagating in the Oz directiofthe same a®©X;) and look These are the directions of the two diagonals of the rect-
at the scattered light in a direction perpendicular to Oz in theangle containing the ellipse that will give the two directions
planesr; thus anyu has two components in the frame of the in which we shall observe antinodes in the scattered pattern.
principal axis. As shown in Eq(5), in an anisotropic me- Figure 2 is a view of the Couette cell used in these Rayleigh
dium, N; is not parallel ton;, the unit vector defining the scattering experiments. The outer wall is made of glass while
direction of the incident field except when the light incidentthe inner cylinder is manufactured in a dark black material to
on the medium is linearly polarized in one of the two eigen-prevent unwanted reflections. The height of the cell is 73 mm
polarization directions. But this case is of no practical inter-and the width of the gap 1.5 mm. An antinode is clearly seen
est since the polarization will remain linear through all thein the upper part of the cell approximately at 2/3 of the
sample. The scattering particles are not only anisotropic buteight. Two birefringent samples have been prepared for
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FIG. 4. Changes in the Rayleigh scattering pattern when the
shear rate is gradually increased in the gap of a Couettetbell
figures give the values of the shear rate iH)SLight propagates
from top to bottom over a length of 73 mm.

ellipse. Thus, by merely measuring the distance between two
antinodes, the birefringence intensity can be readily com-

FIG. 2. Glass Couette cell with the inner cylinder rotating andputed with the help of Ec(.?). .
laser beam crossing a colloidal solution in a direction parallel to the ©ON€ can follow on Fig. 4 the evolution of the scattered
vorticity: a node corresponding to a phase differencer i clearly ~ Intensity pattern when the shear rate is increased in a Couette

seen in the upper half of the cell. cell. Light is traveling from top to bottom and antinodes
corresponding to phase retardation rofr are clearly ob-

these experiments: a solution of CTAB/NaSal at 30/2305€rved in the vorticity direction. Considering the first antin-
mmol and a solution of CTAB/NaNgat 300/405 mmol. ode for each value of the shear rate we notice that the length
In Fig. 3 some of the different states of polarization thatOf the bright needlelike part gets shorter and shorteryas
exist in the anisotropic medium have been sketched togethdfcreases, thus clearly showing the change in the birefrin-
with the image of the laser beam in a direction in which9&nce intensity; for the highest values-pgecond-order an-
antinodes can be observed. As light enters the (el of tinodes correspondujg =1,2, ._..,start to appear. In order
Fig. 3 and propagates in the anisotropic medium, its polar{0 measure conveniently the distance between the entrance
ization goes through all the different states and periodically@nd the first antinode, or between two consecutive antinodes,
becomes linearly polarized when the phase retardation equald® patterns are analyzed in a gray level scale, the intensity
mar; the directions of vibrations are then given by E8).and profile is readily drawn, and the quantitative measurements
antinodes are observed in these particular directions: the firrformed. _ o _
one is encountered fap=1 (see the left part of Fig.)3the Figure 5 presents experimental (esults of bwgfrlgence in-
second one foih=2m, and so orfright part of Fig. 3. tensity measurements performed with the two different tech-
The phase difference between two consecutive antinoddddues: measurement of the dls_tance _between two antinodes
appearing in the direction of observation isr &vhile it is N the pattern of the scattered intensity and the method of
only 7 between two consecutive antinodes found in the gi-Senarmont. This latter merely consists of finding the elliptic-

rection of the two diagonals of the rectangle containing thdty # of the vibration which has traveled a definite distance
(the height or length of the shearing devide the material.

¢ is half the phase differencg introduced between the two
eigenpolarizations. These variations are plotted as a function
of the shear ratéy and as can be seen this sample already

7%

Ea shows high birefringence even under rather weak shearing
O<¢<n conditions. The plot speaks for itself: the agreement between

both sets of results is fairly good, especially in the low shear
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FIG. 3. Variation of the state of polarization of light in the gap

of a Couette cell and scattered intensity in two directions in the FIG. 5. Birefringence intensitgn(x 10°) vs the shear rate: open
plane (v, Vv) perpendicular to the vorticity. Nodes and antinodes squares correspond to the method of Senarmont and open circles to
corresponding to phase differencerofr are clearly observed. the scattering pattern method.
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(CTAB/NaNG;) in which shear banding occurs. The shear
rate is 20s in a gap 1.5-mm wide. Two different views of
the gap are proposed: the top one is taken in the plane
(v, Vo), the bottom one is a cross section in the plane
(w,Vv). To realize the top view, a thin beam of parallel
monochromatic polarized light illuminates the whole gap
which appears divided in two layekd and| band[6]) as
predicted by the theor{5]; in the bottom view, a polarized
laser beam is sent successively through both bands. Ih the
band (left part of Fig. 6, the pattern is a sequence of thin
bright needlelike segments separated by antinodes; the phase
retardation between two consecutive nodes in the same di-
rection u being 2m, the birefringence intensity is readily
computed. In thér band, near the moving walsee the right
part of Fig. 6, the thin segments are changed into much
closer bright blobs, indicating that the birefringence is sev-
eral times higher than in theband. Moving the beam to-
wards the frontier between the two layddotted ling does

not significantly alter the distance between antinodes in both
layers; this tends to confirm that the shear rate is constant but
different in theh andl bands as predicted by the theory.

In summary, this paper presents a very simple method for
the determination of the anisotropic properties of a solution
containing asymmetrical particles. It will allow for an easy
and simple way of measuring the flow-induced phase retar-
dation without having to know at first the orientation of the
medium which is a prerequisite in the method of Senarmont.
But it will also lead to the orientation angjeas previously
mentioned. However, this method will not give the sign of
the shear-induced retardation. This technique will also prove
to be interesting in transient optical experiments when the

Apart from this simple way of measuring the phase retarphase retardatiory often reaches several timesr2espe-
dation of an anisotropic solution without first having to know cially when the time-dependent behavior of the optical prop-
the orientation of the mediurg, as necessary in the method erties shows complicated features like overshoots, sigmodal
of Senarmont, this technique also allows for the determinarelaxation, or damped oscillations. In that case, the analysis
tion of the angle of extinction. For a given direction of rota- Of the periodical signal of the transmitted intens[tyl,
tion of the moving cylinder, one of the principal ax@3X,, =sir? (¢/2)] does not allow for the calculation @f without
for example will make the angley with the line of flow  ambiguity in particular during the relaxation of the steady
which is the reference for the angles in the case of Couettstate. Besides, this method is also very useful in shear band-
flow; for the reverse directio®X, will take the symmetrical ing experiments in order to find the birefringence of the
orientation with respect to the line of flow: thus the angleshear-induced phase, measurements which were not made
between the directions in which we observe two antinodegefore. It will prove to be helpful each time the phase retar-
for the same shear rate will be twice the anglén Fig. 6 we  dation induced in an anisotropic medium exceedslike in
report scattering patterns obtained with the second solutiomany surfactants systems, liquid crystals, or polymer melts.

FIG. 6. (Color online Two views of the gap in a Couette cell:
the top one in thév, Vv) plane, bottom one in théw, Vo) plane.
mw, fw mean moving and fixed walkp is the vorticity direction.
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