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We present an experimental study of light scattering properties of paramagnetic particles. To
account for the magnetic dipole radiation and the Brownian motion of the particles in a thermal
equilibrium solution, we calculate the scattering intensity and its auto-correlation function g(t).
Experimentally, weexamine thescattering propertiesof theparamagnetic particlesand compare the
results with those from isotropic and anisotropic dielectric particles. The experiment verifies the
calculation and reveals that themagnetic dipole radiation of the paramagnetic particles is unusually
largeand equals to approximately 1/3 of theelectric dipole radiation of theparticles. Dynamic light
scattering measurements show that the measured g(t) for the depolarized scattering is strongly
influenced by the size distribution of the particles. This is because the large paramagnetic particles
tend to have more magnetite content and hence weigh more in the depolarized scattering. With a
simple sedimentation method, we are able to separate the particles of different sizes and obtain
relatively monodispersed scattering samples. These samples give the expected translational and
rotational diffusion constants of the particles. © 1997 American Institute of Physics.
@S0021-9606~97!01026-X#
I. INTRODUCTION

In recent years there has been a growing interest in
studying the structure and phase behavior of suspensions of
paramagnetic particles and droplets.1–6 These particles are
polymer latex spheres ~or oil droplets! which contain many
tiny crystallites of magnetite ~Fe3O4! or maghemite (g-
Fe2O3!. Because of the random orientation of the ferrimag-
netic crystallites, which are uniformly dispersed in the latex
spheres,7 the net magnetic dipole moment of the particles is
zero when an external magnetic field is absent. Under this
condition, the particles behave like hard spheres in a thermal
equilibrium solution. When an external magnetic field is ap-
plied to the paramagnetic suspension, the particles interact
through the induced magnetic dipole moments and they can
form an array of particle chains parallel to the direction of
the external field. Becauseof the complicated dipolar aswell
as thermal and hydrodynamic interactions between the par-
ticles, the paramagnetic suspensions exhibit rich phase be-
havior and dynamics. Laser light scattering and other experi-
mental methods have been used to study the structure and
dynamics in these systems.6,8–10 In the previous light scatter-
ing experiments, the paramagnetic particles were treated as
simple dielectric spheres and no attempt was made to study
how the induced magnetic dipole moment of these particles
affects their scattering properties.

In this paper we present an experimental study of light
scattering properties of the paramagnetic particles. To ac-
count for the magnetic dipole radiation and the Brownian
motion of the particles in a thermal equilibrium solution, we
calculate the scattering intensity and its auto-correlation
function g(t). The calculation clearly delineates the differ-
ence in the scattering property between the dielectric and
paramagnetic particles. Experimentally, we examine the
scattering properties of the paramagnetic particles and com-
pare the results with those from isotropic and anisotropic
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dielectric particles. The experiment verifies the calculation
and reveals that the magnetic dipole radiation of the para-
magnetic particles is unusually large and equals to approxi-
mately 1/3 of the electric dipole radiation of the particles.
The magnetic dipole radiation is presumably resulted from
the alignment of the individual ferrimagnetic grains, which
are uniformly dispersed inside the particles, and that this
alignment is induced by the incident laser light. Dynamic
light scattering measurements show that themeasured inten-
sity auto-correlation function g(t) for the depolarized scat-
tering is strongly influenced by the size distribution of the
particles. This is because the large paramagnetic particles
tend to have more magnetite content and hence weigh more
in the depolarized scattering. With a simple sedimentation
method, we are able to separate the particles of different
sizesand obtain relatively monodispersed scattering samples.
These samples give the expected translational and rotational
diffusion constants of the particles.

The paper is organized as follows. In Section II , we re-
view the scattering theory for the magnetic dipole radiation
and present the calculation of the electric field auto-
correlation function for the small paramagnetic particles. Ex-
perimental details appear in Section III , and the results are
discussed in Section IV. Finally, the work is summarized in
Section V.

II. THEORY

Thebasic light scattering theory iswell documented.11,12

Herewe reframe the theory so as to account for themagnetic
dipole radiation and the Brownian motion of the paramag-
netic particles in a thermal equilibrium solution. Figure 1
shows the schematic diagrams of the experimental setup and
the scattering geometry. The scattering plane is defined by
the incident wave vector k i and the scattered wave vector
3555/8/$10.00¬ © 1997 American Institute of Physics
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356¬ Y.-B. Du and P. Tong: Light scattering paramagnetic particles
k f . The momentum transfer vector is given by q5k f2k i ,
and its amplitude equals q5(4pn/l0)sin(g/2). Hereg is
the scattering angle, n is the refractive index of the solvent,
and l0 is the wavelength of the incident light. The polariza-
tion direction ni of the incident light is in the x-z plane and
is specified by the angle A with respect to the z axis. The
polarization direction nf of the detected light can be either
perpendicular to the scattering plane ~the AV scattering ge-
ometry! or parallel to the scattering plane ~theAH scattering
geometry!.

We now consider the scattering by N identical particles,
whosemolecular polarizability tensor is â(t). The total scat-
tered electric field, Ei , f(t), is a sum of the fields radiated by
each of the particles in the illuminated volume, and has the
form12

Ei , f~ t !5(
j51

N

a i , f
j ~ t !e2 iq•r j ~ t !,¬ ~1!

where r j (t) is the position of the center of mass of the j th
particle at time t, anda i , f(t)5nf•â(t)•ni is the component
of â(t) along the initial polarization direction ni and thefinal
polarization direction nf , both of them being fixed in the
laboratory. For particles suspended in a thermal equilibrium
solution, their rotational motion may causea i f (t) to vary

FIG. 1. ~a! Schematic diagram of the experimental setup: k i , k f , incident
and scattered wave vectors; ni , nf , polarization directions of the incident
and detected light; g, scattering angle.~b! Schematic diagram of the sca
tering geometry: V is perpendicular to the x-y plane; H is in the x-y plane
and is perpendicular to k f ; ni is in the x-z plane having an angle A with
respect to the z axis.
J. Chem. Phys., Vol. 10
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with time t. The phase factor e2 iq•r (t) changes with time
because the particles move. The electric field auto-cor-
relation function then becomes

I i , f~q,t !5^Ei , f* ~ t8!Ei , f~ t81t !&

5(
j ,k

N

^a i , f
j ~ t8!a i , f

k ~ t81t !e2 iq•[ r j ~ t8!2rk~ t81t !]&

5N^a i , f~ t8!a i , f~ t81t !&F~q,t !,¬ ~2!

where the angular brackets represent a time average over
t8, and F(q,t)5^exp$2iq•@r j (t8)2r j (t81t)#%& is the
‘‘translational’’ factor. To get the last equality in Eq. ~2!, we
have made following assumptions. ~1! There is no spatial
and temporal correlations between different particles in a di-
lute solution, so that all the cross terms can be neglected. ~2!
Thephaseand amplitudefluctuationsof the scattered electric
field are statistically independent. These approximations are
certainly valid for the Brownian motion of the particles in a
dilute solution at thermal equilibrium. When the delay time
t50, I i , f(q,0) is simply the scattered light intensity.

A. Scatterin g in differen t inciden t polarization
directio n ni

Wefirst calculate I i , f(q,t) for different ni when thescat-
tering angleg is fixed at 90°. For the paramagnetic particl
used in the experiment, both the electric dipole source and
the magnetic dipole source contribute to the polarizability
tensorâ(t). To account for the optical anisotropy, we as-
sume that the electric and magnetic polarizability tensors of
the particles are of cylindrical symmetry and can be simul-
taneously diagonalized in the molecular coordinate system
x8, y8, z8. In this case, we have11

a i , f5nf•âe•ni1m~ k̂ f3nf !•âe•~ k̂ i3ni !

5~ae! i , f1m~ae! i190°, f190° ,¬ ~3!

wherem is the ratio of the particle’s magnetic dipole mo
ment to its electric counterpart, and k̂ i and k̂ f are, respec-
tively, the incident and scattered wave vectors as shown in
Fig. 1~a!. Thesubscript 190° indicates a90°-rotation for the
corresponding polarization vectors ~anti-clockwisewhen fac-
ing to the wave vectors!. This rotation can be understood by
the fact that the electric and magnetic radiations are perpen-
dicular with each other. To calculate ^a i , f(t8)a i , f(t81t)& in
Eq. ~2!, the laboratory-fixed componenta i f (t) has to be ex-
pressed in terms of the molecular-fixed components. In the
molecular coordinate system x8, y8, z8, the electric polariz-
ability tensorâe takes the form

âe5S a i 0 0

0 a' 0

0 0 a'

D , ¬ ~4!

wherea i is the polarizability component parallel to the sym-
metry axis of the particle and a' is that in any direction
perpendicular to this axis.
7, No. 2, 8 July 1997
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357Y.-B. Du and P. Tong: Light scattering paramagnetic particles
The projection of the unit vectors x̂, ŷ, ẑ in the
laboratory-fixed coordinate system along the x8, y8, z8 axes
of the molecular coordinate system gives12

x̂5S sin u cosf

2cosu cosf

sin f
D ,

ŷ5S sin u sin f

2cosu sin f

2cosf
D ,

ẑ5S cosu

sin u

0
D .¬ ~5!

In the above, the spherical coordinatesu andf specify the
orientation of the particle’s symmetry axis in the laboratory-
fixed coordinate system. As shown in Fig. 1~b!, the incident
polarization direction ni can be written as

ni5~cos A!ẑ1~sin A!x̂.¬ ~6!

With Eqs. ~4!–~6! one can calculate

aA,Z5~ae!A,Z1m~ae!A190°,Z190°

5~ae!A,Z1m~ae!A190° ,2Y ~7!

for the AV scattering geometry and

aA,2Y5~ae!A,2Y1m~ae!A190°,2Y190°

5~ae!A,2Y1m~ae!A190°,2Z ~8!

for the AH scattering geometry. The final results are

I A,Z~q,t !5NH S a21
b2

45
e26QtD cos2 A

1
b2

15
~11m2!e26QtJ F~q,t ! ~9!

and

I A,2Y~q,t !5NH m2S a21
b2

45
e26QtD sin2 A

1
b2

15
~11m2!e26QtJ F~q,t !.¬ ~10!

In the above,b[(a i2a'), a[(a i12a')/3, and Q is the
rotational diffusion constant of the particles. To get Eqs. ~9!
and ~10!, we have assumed that the particles are undergoing
Brownian motion in a thermal equilibrium solution. In this
case the ‘‘translational’’ factor is given by F(q,t)5e2Dq2t,
withD being the translational diffusion constant. BothD and
Q have been calculated previously for spherical and rod-like
particles.12 For most optically anisotropic particles, their iso-
tropic scattering (}a2) is usually much larger than the an-
isotropic scattering (}b2).

From Eqs. ~9! and ~10! onecan clearly see thedifference
in the scattering property between the dielectric and para-
J. Chem. Phys., Vol. 10
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magnetic particles. For dielectric particles (m50), their
I A,Z(q,0) is dominated by the electric dipole contribution
Na2 cos2 A. If the particles possess optical anisotropy (b
Þ0), their depolarized intensity I A,2Y(q,0) goes as
Nb2/15, which does not change with the polarization angle
A.¬ This small A-independent term also appears in
I A,Z(q,0). For the paramagnetic particles (mÞ0), their
I A,Z(q,0) is approximately the same as that of the dielectric
particles, except the A-independent term is increased by a
factor of 11m2. However, their depolarized intensity
I A,2Y(q,0) differs greatly from that of the dielectric particles
and is dominated by the magnetic dipole contribution
Nma2 sin2 A. Because of the phase difference between
sin2 A and cos2 A, one can easily distinguish the electric and
magnetic dipole radiations by changing the polarization
angle A.

B. Scatterin g at differen t scatterin g angle g

We now fix ni to be vertical (A50°) and calculate
I i , f(q,t) for different scattering angle g. In this case, we
have

aZ,Z5~ae!Z,Z1m~ae!Z190°,Z190°

5~ae!Z,Z1m~ae!X,H ~11!

for the VV scattering geometry and

aZ,H5~ae!Z,H1m~ae!Z190°,H190°

5~ae!Z,H1m~ae!X,2Z ~12!

for the VH scattering geometry. As shown in Fig. 1~b!, the
horizontal polarization directionH of thedetected light takes
the form

H5~cosg!x̂2~sin g!ŷ.¬ ~13!

With Eqs. ~11!–~13! we find

I V,V~q,t !5NH S a21
b2

45
e26QtD ~11m cosg!2

1
b2

15
e26Qt~122m cosg1m2!J F~q,t !

~14!

and

I V,H~q,t !5N
b2

15
e26Qt~122m cosg1m2!F~q,t !. ~15!

In the study of the structure and the particle interaction
of concentrated colloidal suspensions, one usually measures
the structure factor S(q), which is the scattered intensity
I V,V(q,0) normalized by the number of the particles in the
scattering volume and their form factor. For suspensions of
the paramagnetic particles ~assumingb50), however, one
needs to further divide out an extra factor (1 1m cosg)2 in
the measured I V,V(q,0) @see Eq. ~14!#, in order to obtain a
correct form of S(q). The effect of (11m cosg)2 is particu-
larly large for the paramagnetic particles with largem, and
has not been considered in previous light scattering experi-
7, No. 2, 8 July 1997
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ments. To study the motion of the particles in the solution,
one needs to examine the time dependence of the electric
field auto-correlation function I i , f(q,t). Experimentally,
I i , f(q,t) is obtained by measuring the intensity auto-
correlation function

g~ t !5
^I i , f~ t8!I i , f~ t81t !&

^I i , f~ t8!&2
511bH I i , f~q,t !I i , f~q,0!J 2,¬ ~16!

where b(<1) is an instrumental constant which depends on
thegeometry of theexperimental setup. To get the last equal-
ity in Eq. ~16!, we have used the fact that the scattered light
from a thermal equilibrium solution obeys Gaussian
statistics.12 Measurements of g(t) have been especially fruit-
ful in studies of the translational and rotational diffusion of
small particles.12–15

III. EXPERIMENT

The paramagnetic particles used in the experiment were
purchased from Bangs Laboratories. These particles are
polymer latex spheres which contain 67 wt.% magnetite
(Fe3O4!. Themagnetite formsmany tiny ferrimagnetic crys-
tallites of size;5 nm, which are uniformly dispersed in the
latex spheres.7 Because of the random orientation of the fer-
rimagnetic crystallites, the latex spheres possess no net mag-
netization in zero magnetic field. The particles can be easily
magnetized by a weak external magnetic field such as abar
magnet, and have been widely used in cell separation, pro-
tein purification, and DNA isolation, when their surfaces are
coated with certain binding biomolecules. The surfaces of
our particlesweremodified by the carboxylic acid functional
groupsand theelectric chargesassociated with the functional
groups stabilized the particles in an aqueous solution. The
stock solution contained 10 wt.% solid particles, and the
scattering sampleswereprepared by diluting known amounts
of the concentrated suspension with distilled water. A small
amount of sodium dodecyl sulfate ~SDS! surfactant ~0.5
wt.%! was added to the dilute solution in order to enhance
the stability of the suspension. To eliminate particle aggre-
gates, each samplewas sonicated for several minutes prior to
the scattering measurements.

Light scattering measurements were performed using a
standard scattering goniometer. A schematic diagram of the
experimental setup is shown in Fig. 1~a!. The light source
was a 30 mW He-Ne laser ~Spectra Physics, Model 127!.
The sample cell was immersed in a toluene bath in order to
match the refractive index of the glass cell and hence reduce
the background scattering from the glass wall. The scattered
light intensity from a well-defined scattering volume was
recorded by an avalanche photodiode detector ~EG&G,
SPCM-100-PQ!. Intensity measurements were accumulated
for periods of 30–60 seconds. The incident polarization di-
rection ni was varied by rotating a l/2 waveplate. The po-
larizers used in the experiment were Glan-Thompson calcite
polarizing prisms, which were purchased from Mells Griot.
An ALV-5000 multi-t correlator was used to measure t
intensity auto-correlation function g(t). Al l the scattering
measurements were made at room temperature.
J. Chem. Phys., Vol. 10
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IV. RESULTS AND DISCUSSION

Figure 2shows the scanning electron micrograph ~SEM!
of the paramagnetic particles. The magnetite crystal grains
are dispersed in the central region of the latex spheres and
appear as dark spots in the SEM. It is seen from Fig. 2 that
the particles have awide size distribution. To prepare adi-
lute suspension of relatively uniform particles, we used a
simple sedimentation method to separate the particles of dif-
ferent sizes. Because of the large density difference between
the particles ~2.24 g/cm3) and water ~1 g/cm3), large par-
ticles wil l settle to the bottom of the sample cell in a day
~under gravity!. The sedimentation method used in the ex-
periment is described as follows. First, a quantity of concen-
trated suspension was poured into a tall cylindrical cell. Af-
ter several hours the top portion of the solution ~typically
1/3! was pipetted out and put into another cylindrical cell.
An aqueous solution of SDS ~0.5 wt.%! was then added into
the cell such that the total volumeof the solution remains the
same as before. This procedure could be repeated two or
three times and the final suspension was found to be fairly
monodispersed.

Figure 3 shows the measured scattering intensities
I A,Z(q,0) and I A,2Y(q,0) as a function of the polarization
angle A for different particles. Al l the measurements were
carried out at the fixed scattering angleg590°. To have a
meaningful comparison, three kinds of particles with differ-
ent scattering properties were used in the experiment. The
solid circles in Fig. 3~a! shows the measured I A,Z(q,0) for
thepolystyrene-butadiene latex spheresof diameter 0.21mm.
These particles are uniform nonmagnetic isotropic dielectric
spheres with m50 andb50. It is seen that the measure
I A,Z(q,0) ~theAV scattering! for the isotropic dielectric par-
ticles can be well described by the function I A,Z(q,0)

FIG. 2. Scanning electron micrograph ~SEM! of the paramagnetic particles
with magnification of 2.413103. Themagnetite crystal grains are dispersed
in the central region of the latex spheres and appear as dark spots in the
SEM.
7, No. 2, 8 July 1997
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359Y.-B. Du and P. Tong: Light scattering paramagnetic particles
5I VV cos
2 A ~the solid curve! with I VV5210 ~arbitrary

units!. This function agreeswell with Eq. ~9! for theparticles
with m50 andb50. Because the dielectric particles scat
light isotropically, their AH scattering @i.e., I A,2Y(q,0)] is
found to be approximately zero for all values of A. @Due to
the leakageof theanalyzer, asmall amount of light ~less than
0.5% of theAV scattering! wasdetected in theAH scattering
geometry.#

The open symbols in Fig. 3~a! represent the measured
I A,Z(q,0) ~circles! and I A,2Y(q,0) ~squares! for the poly-
trafluoroethylene ~PTFE! latex particles. The PTFE particles
were synthesized by a dispersion polymerization process,
which in the presence of the emulsifier yields stable aqueous
latexes.16 The latex particles thus formed possess a crystal-
line structure and optical anisotropy (bÞ0).17,18Our recent
light scattering measurements19 revealed that the PTFE par-

FIG. 3. Measured I A,Z(q,0) ~solid and open circles! and I A,2Y(q,0) ~open
squares! as a function of the polarization angle A for the polystyrene-
butadiene latex spheres @isotropic dielectric particles, solid circles in ~a!#,
thePTFE particles @anisotropic dielectric rods, open symbols in ~a!#, and the
paramagnetic particles @open symbols in ~b!#. The solid and dashed curves
are the fits to the data points ~see text for details!.
J. Chem. Phys., Vol. 10
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ticles have arod-like shape with an average length 0.45mm
and an averagediameter 0.19mm. As shown in Fig. 3~a!, the
AV scattering from the PTFE particles is well fitted by the
function I A,Z(q,0)5I VV cos

2 A1IVH ~the dashed curve! with
I VV5355 and I VH545 ~arbitrary units!. The AH scattering,
on theother hand, doesnot changewith A and is the sameas
I VH . These findings are in good agreement with the predic-
tions of Eqs. ~9! and ~10! for the anisotropic dielectric par-
ticles with m50 butbÞ0. Note that for the PTFE particle
the intensity ratio I VH /I VV.13%, which is very large com-
pared with other anisotropic dielectric particles.

Figure 3~b! shows the measured I A,Z(q,0) ~circles! and
I A,2Y(q,0) ~squares! for the paramagnetic particles. The
AV scattering of the paramagnetic particles is similar to that
of the dielectric particles, and can bewell fitted by the func-
tion I A,Z(q,0)5I VV cos

2 A1IVH ~the solid curve! with
I VV5375 and I VH515 ~arbitrary units!. However, the AH
scattering of the paramagnetic particles differs greatly from
that of the ~anisotropic! dielectric particles, and goes as
I A,2Y(q,0)5I HH sin2 A1IVH ~the¬ dashed¬ curve! with
I HH5115 and I VH515 ~arbitrary units!. The two fitted func-
tions agree well with Eqs. ~9! and ~10! for the ~anisotropic!
paramagnetic particleswith bÞ0 andmÞ0. Figure 3 reveals
that the anisotropy of the paramagnetic particles is weak be-
cause their intensity ratio I VH /I VV (54%) is approximately
three timessmaller than that of thePTFE particles. Themag-
netic dipole radiation contribution I HH , however, is unusu-
ally large and equals to approximately 1/3 of the electric
dipole radiation contribution I VV (I HH /I VV.31%). Accord-
ing to the theory of electrodynamics,11 the intensity ratio
I HH /I VV is usually proportional to (a/l0)

2, where a is a
characteristic length of the effective magnetic dipole for the
particles. Figure 3~b! thus suggests that the typical value of
a for the paramagnetic particles is comparable with their
radius (.0.2 mm!. Because the magnetite grains dispers
inside a latex particle are very small, their magnetic energy
~proportional to the volume of the grain! can be comparable
with the thermal energy kBT. Under this condition, themag-
netization vector of each grain wil l become unstable and
fluctuate in the sameway as in aclassical paramagnetic gas,
except that themagnetic moment of thegrains ismuch larger
than that of paramagnetic atoms. This process is called
superparamagnetism20,21 and is presumably the reason why
the latex particles, which contain many of these magnetite
grains, possessno net magnetization in zero magnetic field at
room temperature and can be easily magnetized by an exter-
nal magnetic field without any hysteresis.22 The data in Fig.
3~b! therefore indicates that themagnetic dipole radiation of
the latex particlesmay be resulted from the alignment of the
individual magnetite grains inside the particles. We notice
that this alignment is induced by the incident laser light and
the reason why these small magnetite grains can respond to
the fast laser frequency needs to be further investigated.

We now discuss the measurements of the auto-
correlation functions I V,V(q,t) and I V,H(q,t). In the experi-
ment, the incident polarization direction ni was set to be
vertical ~i.e., A500), and the polarization direction nf of the
detected light was chosen to be either vertical ~the VV scat-
7, No. 2, 8 July 1997
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tering! or horizontal ~the VH scattering!. Because the aniso-
tropic scattering ~proportional to b2) of the paramagnetic
particles is weak, theVV scattering is dominated by the iso-
tropic scattering ~proportional to a2). Substituting Eq. ~14!
into Eq. ~16!, we have

gVV~ t !511bH I V,V~q,t !

I V,V~q,0!J 2.11be22Dq2t.¬ ~17!

TheVH scattering, on the other hand, is produced purely by
the optical anisotropy of the particles. Substituting Eq. ~15!
into Eq. ~16!, we have

gVH~ t !511bH I V,H~q,t !

I V,H~q,0!J 2511be22~6Q1Dq2t !.¬ ~18!

Figure 4 shows the measured gVV(t) @Fig. 4~a!# and gVH(t)
@Fig. 4~b!# as afunction of the delay time t for the paramag-
netic particles. Themeasurementsweremadeatg590°. The

FIG. 4. Measured gVV(t) @circles in ~a!# and gVH(t) @circles in ~b!# as a
function of the delay time t for the paramagnetic particles. The measure-
ments were made at g590°. The solid curves are the fitted functio
11be22Gt.
J. Chem. Phys., Vol. 10
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solid curves are the fitted function 11be22Gt with G50.42
ms21, b50.355 for the VV scattering data @Fig. 4~a!# and
G50.35 ms21, b50.225 for the VH scattering data @Fig.
4~b!#. It is seen that the simple exponential function fits the
data well. Because the signal in the VH scattering geometry
was weak, it took longer time to collect the data for gVH(t)
with an adequate level of statistics when compared with the
measurement of gVV(t). Note that the value of b ~ameasure
of the signal-to-noise ratio! obtained in the VH scattering
geometry is smaller than that in theVV scattering geometry.

According to Eqs. ~17! and ~18!, the decay rate G in the
VH scattering geometry is given by GVH56Q1Dq2 and for
the VV scattering GVV5Dq2. In the experiment, we mea-
sured G for different values of q by varying the scattering
angleg from 30° to 90°. Figure 5 shows the measuredG as
a function of q2 in both the VH ~circles! and VV ~triangles!
scattering geometries. The solid and dashed lines are the lin-
ear fits to the triangles and circles, respectively. The data in

FIG. 5. Measured decay rate G as a function of q2 in the VH ~circles! and
VV ~triangles! scattering geometries. The solid and dashed lines are linear
fits to the triangles and circles, respectively. The data in ~a! were obtained
from a polydispersed sample ~no size selection! and those in ~b! were ob-
tained from a relatively monodispersed sample ~with size selection!.
7, No. 2, 8 July 1997
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Fig. 5~a! were obtained from apolydispersed sample, which
was prepared by direct dilution of the stock solution without
any size selection. The slope of the solid line in Fig. 5~a!
gives the particle’s diffusion constant D51.25mm2/s. Using
Einstein’s relation D5kBT/(6phR), we get the particle ra-
dius R50.17mm. HerekBT is the thermal energy andh is
the viscosity of the solvent. As one would expect, the inter-
cept of the solid line is close to zero. It is seen from Fig. 5~a!
that thedashed linehasaslightly smaller slope than thesolid
line and the measured GVH at large scattering angles be-
comes even smaller than GVV . From the repeated measure-
ments of GVV and GVH for the paramagnetic particles with
different size distributions, we find that themeasured GVH is
strongly influenced by thesizepolydispersity of theparticles,
whereas GVV is robust and much less sensitive to the sample
preparation procedures. To understand this effect, we mea-
sured the intensity ratio I VH /I VV for particles with different
radiusR. The size selection was carried out by the sedimen-
tation method and the final results are listed in Table I. The
measured I VH /I VV is found to increase linearly with R, sug-
gesting that the large particles tend to have more magnetite
content. This is because the anisotropic scattering (I VH) is
produced mainly by the tiny magnetite crystallites. Conse-
quently, the larger particlesweigh more in theVH scattering
and therefore the average particle radius obtained from the
VH scattering tends to be larger than that from theVV scat-
tering. This explains why the slope of the measured GVH is
smaller than that of GVV .

To have a scattering sample with relatively monodis-
persed particles, we used the sedimentation method to sepa-
rate the particles of different sizes. The sample used in Fig.
5~b! was prepared by allowing the particle suspension in a
tall cylindrical cell to settle for two days. After this period of
time, most large particles have settled down to the bottom of
the cell. Themiddle 1/3 of the solution was then pipetted out
and put into the scattering cell. As shown in Fig. 5~b!, the
two fitted lines now have approximately the same slope, and
the dashed line has anon-zero intercept. From the slope of
the solid line we find D51.89mm2/s and the corresponding
R50.13 mm. The slope of the dashed line givesD51.61
mm2/sand thecorrespondingR50.15mm. This value ofR is
close to but still 15% larger than the VV result. From the
intercept of the dashed line we obtain Q544.6 s21. Using
the equation Q5kBT/(8phR3) for the rotational diffusion
constant of spherical particles,12 we find the particle radius
R50.15mm which agrees with the value obtained from t
slope. The above measurements suggest that the size distri-
bution of the scattering sample used in Fig. 5~b! has been
narrowed considerably, but it is still somewhat polydis-
persed. It should be mentioned that because the anisotropic
scattering of the paramagnetic particles is rather weak, the

TABLE I. Measured intensity ratio I VH /I VV for the paramagnetic particles
with different radius R.

R ~nm! 79¬ 119¬ 137¬ 220
I VH /I VV(%)¬ 0.37¬ 1.6¬ 2.5¬ 5.75
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measured GVH is very sensitive to the leaking of the polariz-
ers. When a small amount of the leaked VV scattering is
mixed with the VH scattering, the measured intensity auto-
correlation function g(t) wil l become asum of two exponen-
tial functions. If one still uses asingle exponential function
to fit the measured g(t), the resulting decay rate G wil l be
reduced to a value in between GVH and GVV .

V. CONCLUSION

We have studied light scattering properties of the
polymer latex spheres which contain 67 wt.% magnetite
(Fe3O4!. Themagnetite formsmany tiny ferrimagnetic crys-
tallites which are uniformly dispersed in the latex spheres.
Because of the random orientation of the ferrimagnetic crys-
tallites, these latex spheres possess no net magnetization in
zero magnetic field. To account for the magnetic dipole ra-
diation and theBrownian motion of theparticles in a thermal
equilibrium solution, we calculate the scattering intensity
and its auto-correlation function g(t) for different incident
polarization direction ni and different scattering angleg. The
calculation clearly delineates the difference in the scattering
property between the dielectric and paramagnetic particles.
Experimentally, we have examined the scattering properties
of the paramagnetic particles and compare the results with
those from isotropic and anisotropic dielectric particles. The
experiment verifies the calculation and reveals that themag-
netic dipole radiation of the paramagnetic particles is unusu-
ally large and equals to approximately 1/3 of the electric
dipole radiation of the particles. The magnetic dipole radia-
tion is presumably resulted from the alignment of the indi-
vidual ferrimagnetic grains inside the particles, and that this
alignment is induced by the incident laser light. Dynamic
light scattering measurements show that themeasured inten-
sity auto-correlation function gVH(t) in the VH scattering
geometry is strongly influenced by thesizedistribution of the
particles, whereas gVV(t) in the VV scattering geometry is
robust and much less sensitive to the samplepreparation pro-
cedures. This is because the large paramagnetic particles
tend to have more magnetite content and therefore weigh
more in the depolarized VH scattering. With a simple sedi-
mentation method, we were able to separate the particles of
different sizes. The resulting suspension of the paramagnetic
particles is found to be relatively monodispersed and gives
the expected translational and rotational diffusion constants
of the particles.
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