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We preseh an experimenth study of light scatterig properties of paramagneti particles To
accoun for the magnett dipole radiation and the Brownian motion of the particles in a thermal
equilibrium solution we calculat the scatterilg intensiyy and its auto-correlatia function g(t).

Experimentally we examire the scatterig properties of the paramagneti particles and compae the
resuls with those from isotropc and anisotropt dielectric particles The experimen verifies the
calculation and reveas tha the magnett dipole radiatian of the paramagneti particles is unusually
large ard equas to approximatef 1/3 of the electric dipole radiatian of the particles Dynamt light

scatterig measuremestshow tha the measurd g(t) for the depolarizé scatterig is strongly
influencel by the size distribution of the particles This is becaus the large paramagneti particles
terd to have more magnetie contert and hen@ weigh more in the depolarize scattering With a
simple sedimentatio method we are able to separad the particles of differernt sizes and obtain
relatively monodispersa scatterig samples Thee sample give the expectd translationh and

rotationd diffusion constarns of the particles © 1997 American Institute of Physics.

[S0021-96087)01026-X]

I. INTRODUCTION

In recen yeas there has been a growing interes in
studyirg the structue ard phag behavio of suspensios of
paramagneti particles ard droplets'™® The® particles are
polyme latex sphers (or oil droplets which contan many
tiny crystallites of magnetie (FeO,) or maghemié (-
Fe,0O3). Becaus of the randan orientatian of the ferrimag-
netic crystallites which are uniformly dispersd in the latex
sphereg, the ne magneti dipole momer of the particles is
zem when an externd magnett field is absent Unde this
condition the particles behaw like hard sphers in athermal
equilibrium solution When an externd magnett field is ap-
plied to the paramagneti suspensionthe particles interact
throuch the inducad magnett dipole momens ard they can
form an array of particle chairs paralld to the direction of
the externé field. Becaus of the complicatel dipolar as well
as therma and hydrodynamt interactiors betweea the par-
ticles the paramagneti suspensios exhibit rich phag be-
havia ard dynamics Lase light scatterig and othe experi-
mentd method hawe bee usel to study the structue and
dynami in the system£2-19 |n the previous light scatter-
ing experimentsthe paramagneti particles were treatal as
simple dielectric sphers ard no attemp was mack to study
how the induced magnett dipole momer of thes particles
affects their scatterilg properties.

In this pape we presem an experimenthstudy of light
scatteriig properties of the paramagneti particles To ac-
court for the magnett dipole radiati:mm and the Brownian
motion of the particles in athermd equilibrium solution we
calculae the scatteriig intensiy and its auto-correlation
function g(t). The calculation clearly delineats the differ-
ene in the scatterig propery betwea the dielectrc and
paramagneti particles Experimentally we examire the
scatterilg properties of the paramagneti particles and com-
pare the resuls with thos from isotropc ard anisotropic
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dielectrc particles The experimen verifies the calculation
ard reveas tha the magnett dipole radiatin of the para-
magnett particles is unusualy large and equaé to approxi-
matel 1/3 of the electrc dipole radiation of the particles.
The magnett dipole radiation is presumaby} resultel from

the alignmen of the individud ferrimagnett grains which

are uniformly dispersd inside the particles and tha this

alignmern is inducal by the incidert lase light. Dynamic
light scatterig measuremestshow tha the measurd inten-

sity auto-correlatio function g(t) for the depolarize scat-
tering is strongly influencel by the size distribution of the

particles This is becaus the large paramagneti particles
tend to hawe more magnetie contert and hen@ weigh more
in the depolarizé scattering With a simple sedimentation
method we are able to separat the particles of different

sizes and obtan relatively monodispers#scatteriig samples.
Thes samples give the expecte translationhand rotational
diffusion constang of the particles.

The pape is organiza as follows. In Sectin II, we re-
view the scatterig theow for the magnett dipole radiation
ard presem the calculation of the electrc field auto-
correlation function for the smal paramagnetiparticles Ex-
perimenta detaik appea in Sectim Ill, and the resuls are
discussd in Sectio IV. Finally, the work is summarizd in
Sectio V.

IIl. THEORY

The bast light scatterig theow is well documented?+2
Here we reframe the theoly so as to accoun for the magnetic
dipole radiation ard the Brownian motion of the paramag-
netic particles in a thermd equilibrium solution Figure 1
shows the schematt diagrans of the experimenthsetyp and
the scatteriy geometry The scatterig plare is definal by
the incidert wawe vecta k; and the scatterd wave vector
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FIG. 1. (a) Schemat diagran of the experimenthsetup k;, k;, incident
ard scatterd wawve vectors n;, n¢, polarization directiors of the incident

and detectd light; y, scattering angle(b) Schematic diagram of the scat-

tering geometry V is perpendiculato the x-y plane H isin the x-y plane
ard is perpendiculato k¢ ; n; isin the x-z plare having an ange A with
respet to the z axis.

k;. The momentun transfe vecta is given by q=k;—k;,

ard its amplituce equas q=(4mn/\y)sin(y/2). Herey is
the scatterig angle n is the refractive index of the solvent,
and \q is the wavelengh of the incidert light. The polariza-
tion direction n; of the incidert light is in the x-z plare and
is specifi@ by the angke A with respet to the z axis The
polarization direction n; of the detectd light can be either
perpendiculato the scatterigy plare (the AV scatterilg ge-
ometry or paralld to the scatterig plane (the AH scattering
geometry.

We now conside the scatterirg by N identicd particles,
whose molecula polarizability tensa is &(t). The totd scat-
tered electrc field, E; ¢(t), is asum of the fields radiatel by
eadt of the particles in the illuminated volume ard has the
form*?

N
Ei,f(t):El ol (e 1T L W
=

whete r;(t) is the position of the cente of mas of the jth
partice at timet, and a; ;(t) =n;- a(t) - n; is the component
of a(t) along theinitial polarizatio direction n; and the final
polarization direction n¢, both of them beirng fixed in the
laboratory For particles suspendé in athermd equilibrium
solution their rotationd motion may causec;:(t) to vary
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with time t. The pha® factar e '9" changs with time
becaus the particles move The electrc field auto-cor-
relation function then becomes

li (0, D) =(Ef (") E; ¢(t" +1))

M =

=

<(1f- f(t,)aikf(t, +t)efiQ'[rj(t’)7rk(t’+t)]>
“ , ,

=N(a 1(t")a; (1 +1))F(q,t) = 2

where the angula brackes represeh a time averag@ over
t', ard F(q,t)=(exp{—ig-[rj(t")—r;(t"+1t)]}) is the
“translational” factor. To get the lag equaliy in Eq. (2), we
hawe mace following assumptions(1) Ther is no spatial
ard temporé correlatiors betwea differert particlesin a di-
lute solution so tha all the cross terms can be neglected(2)
The phag and amplituce fluctuatiors of the scatterd electric
field are statisticaly independentThes approximatios are
certainl valid for the Brownian motion of the particles in a
dilute solution at therma equilibrium When the delay time
t=0, I; ¢(q,0) is simply the scatterd light intensity.

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

Wefirst calculae | ¢(q,t) for differert n; when the scat-

tering anglevy is fixed at 90°. For the paramagnetic particles

usa in the experiment both the electrcc dipole soure and
the magnett dipole sour@ contribue to the polarizability
tensor a(t). To accoun for the opticd anisotropy we as-
surre that the electric ard magnett polarizability tensos of
the particles are of cylindricd symmety and can be simul-
taneous) diagonalizel in the molecula coordinae system
x',y’, z'. In this case we have'

a; ;=N ae N+ (kX ng) - ae- (kixn;)

=(ae)i s+ pm(@e)itor,f+90°™ ©)
where u is the ratio of the particle’s magnetic dipole mo-
mert to its electric counterpartard k; and k; are respec-
tively, the incidert and scatterd wave vectos as shown in
Fig. 1(a). The subscrip +90° indicates a90°-rotatian for the
correspondig polarization vectoss (anti-clockwi® when fac-
ing to the wawve vectors. This rotation can be understod by
the fact that the electrc and magnett radiatiors are perpen-
dicular with ead other To calculae («; ¢(t") o ¢(t" +1)) in
Eqg. (2), the laboratory-fixel componentw;;(t) has to be ex-
pressd in ternms of the molecular-fixel componentsin the
molecula coordinaé systen x’, y’, z’, the electric polariz-
ability tensora, takes the form

a” 0 0
ae=| 0 a 0], = (4)
0 0 al

whereq is the polarizability componenparalld to the sym-
metly axis of the particle and «, is tha in ary direction
perpendiculato this axis.
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The projectin of the unit vectos X, y, z in the
laboratory-fixel coordinae systen alorg the x’, y', z' axes
of the molecula coordinaé systen gives-

sin 6 cos ¢
Xx=| —C0S#f coS¢

sin ¢

sin 6 sin ¢

y=| —cosé sin ¢
—COoS ¢
cos 6
z=| sin@g | -~ (5)
0

In the above the spherich coordinatesd and ¢ specify the
orientation of the particle’s symmety axis in the laboratory-
fixed coordinae system As shown in Fig. 1(b), the incident
polarizatian direction n; can be written as

n;=(cos A)z+(sin A)X.m (6)
With Eqs (4)—(6) one can calculate
apz=(ae)azt m(ae)aror z+90°
=(ag)azt mlae)aror,—v (7)
for the AV scatteriig geomety and
ap _y=(ae)a -yt m(ae)aror,—v+90°
=(ag)a, -yt u(aearor,—z (8)
for the AH scatterilg geometry The final resuls are

B
Iaz(g,t)=N a2+£e 6(”’t>co§A
B _
+1—5(1+,U«2)e 6®I}F(q,t) ©)

and

2

a’+ 'Z)—Se‘e‘")‘)sinz A

IA,Y(q1t):N[/~L2

2

+ 'f—5(1+,u2)e‘6@t F(q,t).m (10)

In the above,f=(a—a,), a=(e|+2,)/3, and O isthe
rotationd diffusion constan of the particles To get Egs (9)
and (10), we hawe assumd tha the particles are undergoing
Brownian motion in a therma equilibrium solution In this
ca® the “translational” factar is given by F(q,t)=e‘Dq2t,
with D being the translationadiffusion constantBoth D and
hawe been calculata@ previousy for spherichand rod-like
particles'? For mog optically anisotropt particles their iso-
tropic scatterig (= «?) is usualy much large than the an-
isotropkc scatterimg (o< 82).

From Eqgs (9) and (10) one can clearly see the difference
in the scatterig propery betwea the dielectrc and para-

magnett particles For dielectrc particles (w=0), their
Iaz(0,0) is dominatel by the electrc dipole contribution
Na? cod A. If the particles posses opticd anisotroy (3
#0), ther depolarizel intensiy I, _v(9,0) goes as
N/2/15, which does not chang with the polarization angle
A.-~ This smal A-independen tetm also appeas in
laz(0,0). For the paramagneti particles (u+#0), their
I a2(0,0) is approximate) the sane as that of the dielectric
particles excep the A-independentem is increasd by a
factor of 1+pu? However their depolarize intensity
I'a,—v(0,0) differs greatly from that of the dielectric particles
ard is dominatel by the magnett dipole contribution
Nua? sirf A. Becaus of the pha® differenee between
sir A and cog A, ore can easily distinguis the electrc and
magnett dipole radiatiors by changimg the polarization
angk A.

B. Scatterin g at differen t scatterin g angle y

We now fix n; to be verticd (A=0°) ard calculate
li 1(q,t) for differert scatterig angle y. In this case, we
have

azz=(ae)z,zt pu(@e)z 900,24+ 90°

=(ae)z,zt mlae)x n (11)
for the VV scatterig geomety and
azn=(ae)znt m(e)z190H+90°
=(ag)zntm(aeg)x,-z (12

for the VH scatterig geometry As shown in Fig. 1(b), the
horizonta polarizatio direction H of the detectd light takes
the form

H=(cos y)x—(sin y)y.— (13

With Egs (11)—(13) we find
_ 2 B -60t 2
lvv(g,t)=Ni | a +4—5e (1+pu cosvy)
:82
+ Ee—ﬁ‘“’f(l—zﬂ cosy+u?) tF(q,t)
(14

and

2

IV,H(q,t)=Nf—Se’6®‘(1—2u cos y+u?)F(q,t). (15

In the study of the structue and the particle interaction
of concentratd colloidd suspensionsone usualy measures
the structue facta S(qg), which is the scatterd intensity
lvv(9,0) normalizel by the numbe of the particles in the
scatterig volume ard their form factor. For suspensios of
the paramagneti particles (assumingB8=0), however, one
need to further divide out an extra factar (1 + u cosy)? in
the measurd |y (q,0) [see Eq. (14)], in orde to obtan a
corred form of S(q). The effed of (1+ u cosy)? is particu-
larly large for the paramagneti particles with large u, and
has not been considerd in previous light scatterig experi-
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ments To study the motion of the particles in the solution,
one need to examire the time dependene of the electric
field auto-correlatia function 1, ¢(g,t). Experimentally,
li (q,t) is obtainel by measurig the intensiy auto-
correlation function

)Lt +D) ['i,f(CI,t)
9(t)= (1 1(t)))? - li,+(q,0)

where b(=<1) is an instrumentaconstan which depend on
the geomety of the experimenthsetup To get the lag equal-
ity in Eq. (16), we hawe usel the fact tha the scatterd light
from a therma equilibrium solution obeys Gaussian
statistics'? Measuremerstof g(t) hawe been especiay fruit-
ful in studies of the translationhand rotationa diffusion of

smal particles?™°

2
] - (16

Ill. EXPERIMENT

The paramagneti particles usel in the experimeih were
purchasd from Bang Laboratories Thes particles are
polyme latex sphers which contan 67 wt.% magnetite
(Fe30,4). The magnetie forms mary tiny ferrimagnett crys-
tallites of size ~5 nm, which are uniformly dispersd in the
latex sphere<.Becaug of the randan orientatio of the fer-
rimagnetc crystallites the latex sphers posses no net mag-
netization in zeio magnett field. The particles can be easily
magnetizd by a week externd magnett field suc as abar
magnet and hawe been widely usal in cell separationpro-
tein purification and DNA isolation when their surface are
coatal with certan binding biomolecules The surface of
our particles were modified by the carboxylic acid functional
groups and the electric charge associatd with the functional
groups stabilized the particles in an aqueos solution The
stok solution containgl 10 wt.% solid particles and the
scatterilg sample were prepare by diluting known amounts
of the concentratd suspensio with distilled water A small
amoun of sodium dodecy sulfae (SDS surfactan (0.5
wt.%) was adde to the dilute solution in orde to enhance
the stability of the suspensionTo eliminat particle aggre-
gates ead sampé was sonicate for severhminutes prior to
the scatterig measurements.

Light scatterig measuremestwere performel using a
standad scatterig goniometer A schemat: diagran of the
experimenthsetp is shown in Fig. 1(a). The light source
was a 30 mW He-Ne lase (Specta Physics Modd 127).
The sampe cel was immersel in atoluere bath in orde to
matd the refractive index of the glass cel and hene reduce
the backgroun scatteriig from the glass wall. The scattered
light intensiyy from a well-definal scatteriy volume was
recordel by an avalancle photodiogd detecto (EG&G,
SPCM-100-PQ Intensiy measuremestwere accumulated
for periods of 30—60 secondsThe incidert polarization di-
rection n; was varied by rotating a A\/2 waveplate The po-
larizers usal in the experimen were Glan-Thompsno calcite
polarizing prisms which were purchasd from Mells Griot.
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FIG. 2. Scannirg electrax microgragm (SEM) of the paramagneti particles
with magnificatio of 2.41x 10°. The magnetie crystd grairs are dispersed
in the centrd region of the latex sphere ard appea as dak spos in the
SEM.

IV. RESULTS AND DISCUSSION

Figure 2 shows the scanniig electrax micrograg (SEM)
of the paramagneti particles The magnetie crystd grains
are dispersd in the centrd region of the latex sphers and
appea as dak spost in the SEM. It is sea from Fig. 2 that
the particles have awide size distribution To prepae adi-
lute suspensio of relatively uniform particles we usel a
simple sedimentatio methal to separag the particles of dif-
ferert sizes Becaus of the large densiy differene between
the particles (2.24 g/cn?) and wate (1 g/ent), large par-
ticles will sette to the bottom of the sampek cel in a day
(unde gravity). The sedimentatio methal usel in the ex-
perimernt is describé as follows. First, a quantiy of concen-
trated suspensin was pourel into atall cylindricd cell. Af-
ter severd hours the top portion of the solution (typically
1/3) was pipettad out ard put into anothe cylindricd cell.
An aqueos solution of SDS (0.5 wt.%) was then addel into
the cell sudh tha the totd volume of the solution remairs the
sane as before This procedue could be repeatd two or
three times and the final suspensin was found to be fairly
monodispersed.

Figure 3 shows the measurd scatteriig intensities
Iaz(0,0) and 15 —v(q,0) as afunction of the polarization
angk A for differernt particles All the measuremestwere
carried out at the fixed scatterig angle y=90°. To have a
meaningfli comparisonthree kinds of particles with differ-
ernt scatterig properties were usel in the experiment The
solid circles in Fig. 3(a) shows the measurd 1, (q,0) for
the polystyrene-butadieniatex sphers of diamete 0.21 um.
The particles are uniform nonmagnet isotropk dielectric

An ALV-5000 multi-7 correlator was used to measure the sphers with u=0 and 8=0. It is seen that the measured

intensiy auto-correlatia function g(t). All the scattering
measuremestwere mack at room temperature.

I a2(0,0) (the AV scattering for the isotropic dielectrc par-
ticles can be well describé by the function I, 2(q,0)
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FIG. 3. Measurd | 4 7(g,0) (solid and open circles ard |, _v(g,0) (open
squares as a function of the polarization angke A for the polystyrene-
butadier latex sphers [isotropic dielectrc particles solid circles in (a)],

the PTFE particles [anisotropt dielectric rods open symbokin (a)], and the
paramagneti particles [open symbok in (b)]. The solid ard dashe curves
are the fits to the dat points (see text for detail9.

=lyy coS A (the solid curve with 1,,=210 (arbitrary
units). This function agres well with Eq. (9) for the particles

359

ticles hawe arod-like shape with an averag lengh 0.45 um
ard an averag diamete 0.19 um. As shown in Fig. &), the
AV scatterig from the PTHE particles is well fitted by the
function I 5 z(q,0) =1y co$ A+l (the dashe curve) with
lyv=355 ard I,y =45 (arbitray units). The AH scattering,
on the othe hand does nat chang with A ard is the sane as
vy - The® findings are in goad agreemenwith the predic-
tions of Eqs (9) ard (10) for the anisotropt dielectric par-
ticles with =0 but 8# 0. Note that for the PTFE particles
the intensiy ratio 1y /1yy=13%, which is very large com-
paral with othe anisotropt dielectric particles.

Figure 3(b) shows the measurd 1, 2(g,0) (circles and
la-v(0,0) (squarep for the paramagneti particles The
AV scatterilg of the paramagneti particles is similar to that
of the dielectric particles and can be well fitted by the func-
tion 1,2(9,0)=Ilyy co A+l (the solid curve with
lyw=375 ard |yy=15 (arbitray units). However the AH
scatteriig of the paramagneti particles differs greatly from
tha of the (anisotropi¢ dielectrc particles ard goes as
Ia-v(9,0)=1yy SiP A+lyy  (the~ dashee curve  with
Iy =115 and |y = 15 (arbitray units). The two fitted func-
tions agree well with Eqgs (9) ard (10) for the (anisotropig
paramagnetiparticles with 8#0 andw # 0. Figure 3 reveals
that the anisotroly of the paramagneti particles is we be-
cau® ther intensiy ratio 1y /1y (=4%) is approximately
three times smalle than that of the PTHE particles The mag-
netic dipole radiatian contributian 14, however is unusu-
ally large and equask to approximatef 1/3 of the electric
dipole radiatian contributian I,y (144 /1ywv=31%). Accord-
ing to the theor of electrodynamics! the intensiy ratio
I gy /lyy is usualy proportiond to (a/\)?, wher a is a
characteristi lengh of the effective magnett dipole for the
particles Figure 3(b) thus suggest tha the typicd value of
a for the paramagneti particles is comparal# with their

radiss (=0.2 um). Because the magnetite grains dispersed

inside alatex particle are very small therr magnett energy
(proportion# to the volume of the grain) can be comparable
with the thermd energy kgT. Unde this condition the mag-
netization vecta of ead grain will becone unstabé and
fluctuak in the same way as in aclassicd paramagnetigas,
excep tha the magnett momer of the grainsis much larger
than that of paramagneti atoms This proces is called
superparamagnetigfit! and is presumaby the reasm why
the latex particles which contan mary of thee magnetite

with u=0 andB=0. Because the dielectric particles scattergrains possesno ne magnetizatia in zero magnett field at

light isotropically, their AH scatterigy [i.e., 15 —v(q,0)]is
found to be approximate} zer for all values of A. [Due to
the leakagp of the analyzerasmal amour of light (lessthan
0.5% of the AV scattering was detecte in the AH scattering
geometry]

The open symbok in Fig. 3(a) represehthe measured
Ia2(q,0) (circles ard 15 _y(0,0) (squares for the poly-
trafluoroethylee (PTFE latex particles The PTFE particles
were synthesizd by a dispersim polymerization process,
which in the presene of the emulsifig yields stabk aqueous
latexest® The latex particles thus formed posses a crystal-
line structue and opticd anisotroy (8% 0).1*® Our recent
light scatteriy measurements reveale tha the PTFE par-

room temperatue and can be easily magnetizd by an exter-
nad magnett field without any hysteresi€? The data in Fig.
3(b) therefor indicates that the magnett dipole radiatian of
the latex particles may be resultel from the alignmer of the
individud magnetie grairs inside the particles We notice
that this alignmen is induced by the incidert lase light and
the reasm why thes smal magnetié grains can respoml to
the fag lase frequeny need to be further investigated.
We now discus the measuremest of the auto-
correlation functiors Iy (q,t) and Iy 1(q,t). In the experi-
ment the incidert polarization direction n; was se to be
verticd (i.e., A=0°), ard the polarizatia direction n; of the
detectd light was chos@ to be eithe verticd (the VV scat-
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FIG. 4. Measuréd gy,(t) [circles in (a)] and gyy(t) [circles in (b)] as a
function of the delay time t for the paramagneti particles The measure-

mens were made at y=90°. The solid curves are the fitted function

1+be 2T,

tering or horizontd (the VH scattering. Becaus the aniso-
tropic scatteriny (proportion& to 82) of the paramagnetic
particles is weak the VV scatterig is dominatel by the iso-
tropic scatteriny (proportion& to o). Substituting Eq. (14)
into Eqg. (16), we have

lvv(d,t)
lv,v(9,0)
The VH scattering on the othe hand is produce purely by

the opticd anisotroy of the particles Substitutirg Eq. (15)
into Eqg. (16), we have

lv,n(d,t)
lv,1(9,0)
Figure 4 shows the measurd gy\(t) [Fig. 4(@] and gyy(t)

[Fig. 4(b)] as afunction of the delay time t for the paramag-
netic particles The measurementwere mace at y=90°. The

17

2
gu(t) =1+ b[ ] ~1+be 200

gvu(t)=1+Db

2
] =1+be 260+Da’) _ (1)
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FIG. 5. Measure decy rate I' as a function of g2 in the VH (circles and
VV (triangles scatteriy geometriesThe solid and dashe lines are linear
fits to the triangles and circles respectively The dat in (a) were obtained
from a polydispersd sampe (no size selection ard thos in (b) were ob-
tained from arelatively monodispersg sampé (with size selection.

solid curves are the fitted function 1+be 2"t with '=0.42
ms 1, b=0.3% for the VV scatteriny data [Fig. 4(a)] and
I'=0.35 ms !, b=0.25 for the VH scatterig da& [Fig.
4(b)]. It is sea tha the simple exponentiafunction fits the
data well. Becaus the signd in the VH scatterig geometry
was weak it took longe time to colled the data for gy (t)
with an adequag levd of statistic when compare with the
measuremdrof gyy(t). Note that the value of b (a measure
of the signal-to-noig ratio) obtainal in the VH scattering
geomety is smalle than tha in the VV scatterig geometry.
According to Eqgs (17) ard (18), the decy rate I' in the
VH scattering geomety is given by I'y,,=60 + Dqg? ard for
the VV scatterig I'y,,=Dg?. In the experiment we mea-
sural I" for different values of q by varying the scattering
angley from 30° to 90°. Figure 5 shows the measuféds
afunction of g2 in both the VH (circles ard VV (triangles
scatteriig geometriesThe solid and dashe lines are the lin-
eq fits to the triangles ard circles respectively The dat in
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TABLE |I. Measurd intensity ratio Iy /1y for the paramagneti particles
with differert radius R.

7%
0.37-

11%-
1.6~

137
2.5

220
5.75

R (nm)
IVH /IVV(%)_'

Fig. 5(a) were obtainal from a polydispersd sample which
was prepare by dired dilution of the stod solution without
ary size selection The slope of the solid line in Fig. 5(a)
gives the particle’s diffusion constan D = 1.25 um?/s. Using
Einsteins relation D=kgT/(677R), we get the particle ra-
dius R=0.17 um. HerekgT is the therma enery and 7 is
the viscosiy of the solvent As one would expect the inter-
cept of the solid lineis close to zera It is sea from Fig. 5(a)
tha the dashé line has a slightly smalle slope than the solid
line and the measurd I'y,, at large scatterig angles be-
comes even smalle than I'y,. From the repeatd measure-
mens of I'y,y and I'yy for the paramagneti particles with
differert size distributions we find tha the measurd Iy, is
strongy influencel by the size polydispersiy of the particles,
wheres I'yy is robug ard mud less sensitive to the sample
preparatio proceduresTo understad this effect we mea-
sural the intensiy ratio 1/l for particles with different
radiss R. The size selectiom was carried out by the sedimen-
tation methal and the final resuls are listed in Table I. The
measurd Iy /1y is found to increae linearly with R, sug-
gestirg that the large particles tend to have more magnetite
content This is becaue the anisotropt scatterig (lyy) is
producel mainly by the tiny magnetie crystallites Conse-
quently, the large particles weigh more in the VH scattering
ard therefoe the averag particle radius obtainal from the
VH scatteriig tends to be large than tha from the VV scat-
tering This explairs why the slope of the measurd Ty, is
smalle than that of T'yy,.

To hawe a scatterig sampé with relatively monodis-
persel particles we usal the sedimentatin methal to sepa-
rate the particles of differert sizes The sampé use in Fig.
5(b) was prepare by allowing the particle suspensio in a
tall cylindricd cell to settk for two days After this periad of
time, mod large particles hawe settled down to the bottom of
the cell. The middle 1/3 of the solution was then pipetted out
and put into the scatterig cell. As shown in Fig. 5(b), the
two fitted lines now hawe approximate} the sane slope and
the dashéd line has anon-zep intercept From the slope of
the solid line we find D= 1.89 um?s and the corresponding
R=0.13 um. The slope of the dashed line givBs=1.61
wum?/s ard the correspondig R=0.15 um. This value oR is
close to but still 15% large than the VV result From the
intercep of the dashe line we obtan ®=446 s 1. Using
the equatim ® =kgT/(877R>) for the rotationa diffusion
constan of spherich particles? we find the particle radius

R=0.15 um which agrees with the value obtained from the

slope The abowe measuremestsuggestha the size distri-
bution of the scatteriy sampé useal in Fig. 5(b) has been
narrowel considerably but it is still somewha polydis-
persed It shoutl be mentionel that becaus the anisotropic
scatterilg of the paramagneti particles is rathe weak the
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measurd I'y, is very sensitive to the leaking of the polariz-
ers When a smal amoun of the leaked VV scatterig is
mixed with the VH scattering the measurd intensiy auto-
correlation function g(t) will becone asum of two exponen-
tial functions If one still uses asingle exponentiafunction
to fit the measurd g(t), the resultirg decy rate I' will be
reducel to a value in betweea I'y,; and Iy,

V. CONCLUSION

We hawe studia@ light scatterig properties of the
polyme latex sphers which contan 67 wt.% magnetite
(Fe30,4). The magnetie forms mary tiny ferrimagnett crys-
tallites which are uniformly dispersd in the latex spheres.
Becaus of the randam orientation of the ferrimagnett crys-
tallites, thes latex sphers posses no net magnetizatia in
zeo magnett field. To accoun for the magnett dipole ra-
diation and the Brownian motion of the particles in athermal
equilibrium solution we calculae the scatterig intensity
and its auto-correlatia function g(t) for different incident
polarizatin direction n; and different scatteriig angley. The
calculation clearly delineats the difference in the scattering
propery betwee the dielectric and paramagneti particles.
Experimentally we hawe examinel the scatterilg properties
of the paramagneti particles and compae the resuls with
those from isotropic and anisotropc dielectric particles The
experimen verifies the calculation ard reveas tha the mag-
netic dipole radiatian of the paramagneti particles is unusu-
ally large and equab to approximatet 1/3 of the electric
dipole radiatian of the particles The magnett dipole radia-
tion is presumabyt resultel from the alignmen of the indi-
vidud ferrimagnett grairs inside the particles and tha this
alignmen is inducel by the incidert lase light. Dynamic
light scatterig measuremestshow tha the measurd inten-
sity auto-correlatia function gyy(t) in the VH scattering
geomety is strongly influencel by the size distribution of the
particles wherea gy\/(t) in the VV scatterig geomety is
robug ard much less sensitive to the sampé preparatio pro-
cedures This is becaus the large paramagneti particles
terd to have more magnetie contert ard therefoe weigh
more in the depolarize VH scattering With a simple sedi-
mentation method we were able to separa the particles of
different sizes The resultirg suspensio of the paramagnetic
particles is found to be relatively monodisperse and gives
the expecte translationhard rotationa diffusion constants
of the particles.
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