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The long-time self-diffusion coefficients of a concentrated ferrofluid are determined theoretically with the
use of the generalized Langevin equation approach. The dependences of the translational and rotational diffu-
sions on the concentration and the dipolar strength are studied. These dependences are expressed through the
static structural information of the ferrofluid suspension. It is found that the effect of the dipolar interaction
leads to the strong suppression of both long-time coefficients compared to the free diffusion coefficients of the
particles in the infinite dilute cas€S1063-651X98)01601-§

PACS numbd(s): 82.70.Dd

[. INTRODUCTION tobacco mosaic virusTMV), and dipolar fluids in general
constitute important examples of the type of systems on
Transport phenomena in colloidal suspensions are a subwvhich this theoretical scheme can be applied. In previous
ject of long-standing interest. Among the most important dif-works, the GLE approach has been used to determine the
fusion properties in these systems are the mean-squared digtational-translational electrolyte friction on a rodlike poly-
placement([Ar(t)]% and the long-time tracer-diffusion ion of the TMV[6] and on a Brownian point electric dipole
coefficient D, which has been measured in monodispers€mbedded in a hard spheid, where the supporting electro-
suspensions of polystyrene spheres using x-ray, neutron, ahg€ solution was a one-component plasma. _ _
dynamic light-scattering techniqugg. Presently, dynamical In the case of ferrofluids the effect of magnetodipolar in-

theories relatind to the microstructure of the suspension teractions on the transport properties in the presence of an

and therefore to the interparticle radially symmetric interac—app“ed. extemnal magnetic field has been .StUd'ed recé&}ly
In particular, the effect of the external field on the aniso-

tions are krt]olv(\;n ttgzp?:]ovl_llde h|ghlytﬁreC|§e ag;eemebnt with thfe[ropic collective diffusion in concentrated solutions has been
experimental aatgs, 5. HOWEVET, Inere IS a clear absence o investigated both experimentally and theoreticdy. Also,

the corresponding studies on suspensions constituted by NOfKe experimental measurements of viscosities in dilute sys-

spherical particles interacting through nonradially symmetriGo s has been compared with calculations based on the
potentials[4]. In a recent paper some of us have given asmoluchowsky equatiofL0].

general theoretical framework based on the generalized | the present work we study the transport properties in
Langevin equatioGLE) to describe, in the absence of hy- ferrofluids, which are stable colloidal dispersions of ferro-
drodynamic interactions, the diffusion properties of a non-magnetic particles coated with surfactants and dispersed in a
spherical Brownian tracer particle interacting, in generalhost liquid such as water or paraffihl]. The ferroparticles
through a nonradially symmetric potential with other non-are usually considered to be hard spheres that carry a perma-
spherical particles in a multicomponent colloidal suspensioment magnetic dipole. In particular, we focus on the study of
[5]. Ferrofluids, electrorheological fluids, suspensions of thehe effect of magnetodipolar interactions on single-particle
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dynamical properties in the simplest nonspherically symmetgiven in Sec. Il. In Sec. lll we provide the definition of the
ric generic case, namely, self-diffusion in a model ferrofluidmodel system and the most relevant structural information
(a Brownian dipolar liquiti in which case the particles obtained by the MSA, which is also briefly discussed. The
around the tracer interact through a nonradially symmetrigesults for the long-time translational and rotational self-
potential, and in the absence of an external magnetic fieldliffusion coefficients are presented and discussed in Sec. IV.
Hydrodynamic interactions will be ignored in the presentSection V is a summary of our work.

work since from the theoretical point of view it is important

to understand first the effects of the dipolar interactions on Il. LANGEVIN EQUATION THEORY
the suspension dynamics, particularly on the long-time self- _ ) .
diffusion coefficientd?2]. In this section we quote the main results of the GLE ap-

Thus we present here a simple theory, based on the GLRroach useful for the description the Brownian motion of a
approach, to determine the long-time translatiddand ro- nc_)nspherlcal but axlsymm'etrlc tra(;er pa'rtlcle interacting
tational Dy, self-diffusion coefficients in this model ferrof- With other nonspherical axisymmetric particles of the sus-
luid. The dependences of these properties on the volum@ension. The generalized Langevin equation for the tracer

fraction concentration of the suspension and the dipolar "€2dS

strengthu of the particles, for a range of values representa- d\7(t) :

tive of real ferrofluids, are studied using the resulting expres- M- 53-\7(t)+?°(t)—f dt’AZ(t—t’)-\7(t’)
0

sions. dt
The GLE provides us with general and exact expressions >
for the tracer friction contributions due to the translational +F(). @
friction in the directions paralleh £, and perpendiculaA £, - . ]
to its symmetry axis and to the rotational friction around anyHere V(t)=(V(t),W(t)) embodies the lineav(t) and an-
axis perpendicular to the symmetry ong. This friction  gular W(t) velocities of the tracer, whose components are
leads to the departure of the long-time self-diffusion coeffi-defined with respect to a coordinate system with origin f|x¢d
cient D(y=||,L,R) from its hydrodynamic free diffusion to the Iabo_ratory frame, bgt whose orientation changes with
value D‘; through the Einstein relationD = kBT/(§3 time following the grlentatlon of the ma|nHaX|s of symmetry
+AZ,), wherekg is Boltzmann’s constant, is the tempera- of the tracer. M;;=Mg;;(i,j=1,2,3)M;;=d;li_5(i.]
ture, andgf;: kBT/Dg_ =4,5,6), withM,14,1,,13 being the mass and principal mo-
In order to compute the self-diffusion coefficients somements of inertia of the tracer; arfd}(i ,j=1,2,...,6)which
approximations are introduced in the thedfyomogeneity turns out to be diagonal, are the friction coefficients coupling
and F'CKS diffusion apr.OX'ma“Othf‘t rend_er our gen_eral the random forcé(t) and torquer (t), grouped in?o(t), with
expressions for the friction contributions with approximate . o T
but more useful and still general expressions 40, (t). the generalized veloc(l)tW(t()). ThOIS fr(I)CtIOI’(I) teonsorohasothe
This expressions are written in terms of the static microstruchONzero componentg}lz $=81 s {337 &) 1 {aa= {s5= Ry
tural properties of the suspension, i.e., the interaction poterandz3,=0. In Eq.(1), F(t) is a fluctuating generalized force
tial between two particleg(r,();,(),) and the total corre- deriving from the spontaneous departures from zero of the
lation functionh(r,€1,£),), wherer is the distance between net direct force exerted by the other particles on the tracer. It
the center of mass of two particles with the dipolar orienta-groups a random force and torque on the tracer with zero
tions Q;=(¢;,6;) (i=1,2), ¢;,6; being the polar angles. mean value and time-dependent correlation function given
The required pai_r-correlation fun_ctions were calculated usingby <|E(t)|'£’r(0)> —kgTA Z(t), where the time-dependent fric-
the mean spherical approximatiéMSA) for dipolar hard 5 function is
sphereg12]. The MSA should be quite reasonable for not
too strongly interacting polar liquids and not too high con-
centrationg 13]. Therefore, we expect only a qualitative ac- AZy(t):ﬁf drd® ' dQdQ [V ,%(r,Q)]C(r,r',Q,0';t)
curacy of our predictions on the tracer diffusion properties
when compared to real experiments and computer simula- X[V;z/;(r’,Q’)], 2
tions.
The final word on the accuracy of this approximationwith 8=1/KkgT.
scheme can be obtained only by a comparison of our results The time-dependent memory functidif,(t) contains the
with experiments or computer simulation calculations, presdissipative friction effects derived from the direct interac-
ently unavailable. We consider that the simple theory introtions of the tracer with the particles around it. This memory
duced here may be useful in the study of transport propertie&inction defines the relaxation timg> g (7g is the relax-
in ferrofluids and that the measurements of these effects iation time of the momenta of the particldsr the particles
real experimental systems is quite feasible with the preserio diffuse a mean distance among them. Thus, in the diffu-
scattering techniqugs,10,11. sive regimet> 75, long times mean> r,. The generalized
This paper is organized as follows. Our discussion startgradient operator is given by ,=(V,rxV+V,),, where
in the following section with a brief review of the general V, is the angular gradient operafdd]. For axial symmetric
results of the GLE theory for nonspherical colloidal particles.potentialsV,=nXxd/dn, with n the unit Cartesian vector in
That is, the explicit expressions for the friction coefficientsthe direction of the axis of symmetry of the particle. In Eq.
for the generic systems constituted ohansphericaltracer  (2), C(r,r’,Q,Q";t)=(sn(r,Q;t)on(r’,Q’;0)) is the Van
immersed in a suspension of othnsphericaparticles are  Hove function of the fluctuations in the concentration of par-
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ticles with respect to the equilibrium valug(r,Q;t) and iwC""(k,w) +C""(k,0)

determines the relaxation modes of the tracer and of the cage

of particles surrounding it. Its proper definition takes into — D2+ D°m(m+ 1) 14mo( — 1)X ~1(Kk)1"M
account that it is referred to as the tracer position and orien- [ RM( Jamp(=1) nzl Lo )]~X

tation and has the initial condition valueC(t=0) nn
=(én(0)én(0))=o, i.e., the static correlation function, XC L (kw), ©)
whose inverser ! is defined by

where

j drIIdQI/O_(r,rH’Q’QI/) U_l(r”,r,,Q”,Ql) | | 00 5. |
(k)= 4mi f drrej(kr)f™(r) (6)
0
=8(r=r")8(Q-0Q").
is the Fourier-Bessel transfornj,(x) being the spherical

theory. Therefore, Eq(2) for AZ,(t) constitutes an exact gefinition

result, and the most important one, of the GLE approach for

the description of the effect on the translational and rota- m+n
tional diffusion of the tracer particle due to the direct inter- (k) = ;
actions with the cloud of nonspherical particles that surround =Im=n|
it. However, it is rather difficult to evaluate the precise de-
scription of the dynamical behavior of that surrounding
cloud that is needed for this general expression of the friction o

coefficients. Thus, in order to apply the general results of C,”;(n(k,W)Zf dte™'Cm(k,t) (8)
Egs.(1) and(2) we should introduce at this point the follow- 0

ing approximations. First of all, we approximate the proper-,; ihe time dependence.

ties o and C(t) by their values far from the tracer particle,
i.e., we introduce the homogeneity approximation. Then we
also assume th&k(t) is given by the solution of the general
linearized Fick diffusion equation In this section we describe the model ferrofluid system
and the elementary parameters used to define it, i.e., the pa-
rameters that determine the static structural properties
o(r,Q,Q") andh(r,Q,Q'). Since

I
. 0>fm“'<k> ™

plus the corresponding Laplace transformation
IIl. MODEL FERROFLUID AND STATIC STRUCTURE

aC(r—r",Q,Q0";t
( - )=—p[D°v2+DgV5]fdt'd3r"d9"

o (K)=pS}(K)=p[1+(—1)*ph T (K)],
X(ril(r—r”,Q,Q”) X ¢ X
Bt A OV g gt those quantities provide all the information needed for the
XC(r'=r’,0%.0%5t=t), ®) calculation of the dynamical friction functions{,(t).

wherep is the bulk concentration of particles, where@$ L'et us consider a suspension, with bUIk concentragion
of identical spheres of diameted with a permanent

andD% are phenomenological parameters that should be pro o . _ )
vided by experiment or an external theory. Equati®ngov- magne_tlc—dlpolar momen located at the_|r centers. In thls .
erns the diffusive relaxation oE(t), as described from the Monodisperse suspension the nonspherical tracer particle is
tracer’s reference frame. In this manner, we have obtained H€n identical to the others. Thus the pair interaction poten-
closed approximate expression fA¢,(t) in terms only of tials between any two particles in the suspension separated
the static propertieg, o and of the phenomenological quan- PY & distance is given by

.y 0 0
tities D® andDg. — s’ D(Q,,01,Q,)/r3, r>d

Equation(3) can be solved foC(t) with the use of the O, Q)= (9)
. . . . . . lﬁ(r, 1 2)
rotational invariant expansion useful for axialsymmetric par- %, r<d,
ticles[15]. In general, for any functiori(r,,Q"), for ex- . . ) ]
ample,C(t) or o, this expansion is given by whereu is the permeability of the solvent andis the size
’ ’ of the magnetic-dipolar moment of each particle. The func-
tion
fmnlr) m n | A A
f(r,0,Q)=4m% > —— D(Q,,Q1,02)=3(r-ny)(r-ny)—(ny-n
( )=(4m) mZn,I \/mﬂ’;,x’ I (Qr,Q01,05)=3(r-ng)(r-nz) = (Ny-Ny)

gives the angular dependence of this pair potential, where
=|r|, r=r/r is the unitary vector with directiof),, and
where we have used the usual notation for thiesgmbols, n;=u;/u are the unitary vectors giving the dipolar orienta-
the Y,, are the spherical harmonics, af)j is the angle of tion Q; of each particle. For<d there is a hard-core repul-
the orientation of the position vector Using the Fourier and sion contribution to the pairwise potential that is radially
Laplace transforms, we can obtain an equivalent algebraisymmetric and produces a componeff’®, whereas for
expression for Eq(3), which reads >d the only nonvanishing component correspondg/t&.

XY e ()Y, (Q) Y10 (8y), (4)
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As mentioned in Sec. Il, in all that follows we will con- diffusion coefficientsD, as a function of the parameters of
sider that the origin of our coordinate system resides on théhe system.
center of mass of the tracer particle, with thaxis along the Using the invariant expansion of E@l) and the basis set
axis of symmetry of the tracer. Therefore, in E§) the pair  [mnl=(000),(110),(112) that was used in the determina-
potential #(r,Q,Q,) reduces toy(r,2). We will assume tion of the structural quantities, we obtain from E&) a
that in the absence of interactions among the Brownian dielosed expression for the (30, components of the
polar particles, their diffusion is characterized by the coeffi-frequency-dependent collective diffusion propagator, which
cients D® and DY of their translational and rotational free reads
diffusions. In this fashion, we have given all the fundamental
parameters that define our model system, namely,
d, u, D% DR, andp. o o —iw+ pdar(—)X(D%2+2DY[ o L(K)]L

The following step consists in the determination of (10)
o(r,Q,Q") or, equivalentlyh(r,Q2,Q"). The calculation of
these quantities is not a straightforward task. We can resorfyith y=0,+1 andi=—1. Rewriting the expression of
however, to the solution given by Wertheim for the the pair-A;_in Eq.(2) in its Fourier transformed form and then using
correlation function of a monodisperse dipolar liquid that isthe |aplace transform oE(t) in that expression, in combi-
obtained in an approximate manner using the MSA of theyation with Eq.(10) and the definition given in Eq4), it is
theory of molecular and simple liquid42]. According to  straightforward to obtain the corresponding expressions of
this theory, the functiom(r,(,€1") of dipolar particles can Az (w). Thus the procedure explained just above allows us
be written in terms of the known total correlation function of g determine the full frequency dependence of the dynamical

hard spherediyg(r) with renormalized densities and for friction functionsA¢,(w). However, here we are interested
which both explicit analytical and numerical calculations ex-in the static properties

ist in the literaturg17]. In this regard, we follow closely the
article by Wertheim to obtain numerically the total distribu- - (® -
tion function of the dipolar system. Al= fo dtA (v,

Using the spherical invariant expansion as given in Eq.
(4), we obtain the Fourier transformed compondmt§'(k).  derived from the dynamical friction functions and obtained
In determining these components we considered only théh the diffusive regimet>r, or, equivalently, in the limit
values of (nl)=(000),(110),(112), which form a com- w=0. Thus the long-time translational friction reads
plete base by themselves, in the sense defined by Wertheim,
and have been proved to be enough to determine with high AL (w=0)=A7"+AZD (1)
accuracy the structural and dynamical properties of ferroflu-
ids[9,18]. For the model system considered here these statit®” Y=L I, where
properties are completely determined by the dimensionless 0 -
parameterg.* = Bu, u?/d® and ¢=7pd>/6. AZHS=§—2J dx@[S%(x) — 112 (12)

Shown in Fig. 1 are the characteristic features ogothe com- 288m°¢ Jo '

onents of the total correlation functiohg(k)=h"""(k
?solid ling), hy(k)=—h9%Kk)/\3 (dotted Iinf:)(, ‘),de hDOEk; is the contribution from the hard-sphere c¢28, whereas
=h'%k)//30 (dashed ling when plotted versukd, k 576 = ()2
being the magnitude of the wave vectior These compo- Agl:?g%ﬂ*“f dx= 2[ZSlll(x)an 3S4(x)?]
i ; : 0 x“+3/ ’ '

nents were obtained with values of the volume fractipn
=0.05 and the reduced dipolar strength?=2.2, which are (13
typical values of real ferrofluids. and

The behavior of the model suspension was studied in a
wider range of values € ¢=<0.5 and 0< u*?<4.4. Higher 4 0
values of¢ and u*? are known to lead to a phase transition A§WZ§A§L (14
in the dipolar fluid and at these values it is to be expected
that the MSA fails to predict correctly the structural proper-are the corresponding contributions from the dipole-dipole
tiesh and o [13]. At present, experimental techniques pro- interactions. The parametg is the translational friction
vide information on the structural and dynamical propertiescoefficient for a solid sphere in a fluid of viscosityand is
of ferrofluids far from these extreme values ¢fand ., as  given by the Stokes formulg®=6m7d [19]. In the same
shown in Ref[9]. Thus our numerical results for the struc- fashion, the long-time rotational friction gives
tural properties using the Wertheim decomposition in terms
of %%  h11% andh!!2 are reliable and should be useful in
the determination of the diffusion propertiag, .

11, —
Clik,t=0)

11, _
CLi(k,w)=

48 * jl(X)2
_ 0, %4 11, 2
Alg= 135§R¢M fo dXX2+3/2[133S,1(X)

11 2
IV. LONG-TIME SELF-DIFFUSION +164810(X) it (15
In this section the general scheme presented in Sec. Il where % is the rotational friction coefficient for a spherical
specialized to the model ferrofluid discussed in Sec. Ill. Weparticle and is given bﬂ%sznd:* [19]. Details of the deri-
also provide a discussion of the behavior of the resultingzations of Eqs(10), (13), and(15) will be given elsewhere.
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+A M99, This illustrates the effect of the hard-sphere
contributionA £ to the total friction on the tracek ¢, (for
vy=|,L) and signals that this term turns out to be more im-
portant at higher concentrations.

As the dipolar strengthu*? is increased at a constant
concentrationg both diffusion coefficients decrease mono-
tonically, which is even more evident for concentrated sus-
pensions. This last statement is more clearly illustrated in
Figs. 4 and 5, where the same quantifi° andDR/D%,
respectively, are presented as a function of the volume frac-
tion ¢ for fixed dipolar strengthsu*?=0.0 (dash-dotted
line), u*2=0.2 (dotted lind, u*2=1.0 (dashed ling and
w*2=2.2(solid line) and monotonically decreasing behavior
is also exhibited.

In the absence of dipolar interactiofthe dash-dotted
lines at the top of Figs. 4 and|,2he only interaction among
the particles, in particular between the tracer and the others,
FIG. 1. Three components of the Fourier transform of the to’[aliS due to the hard-sphere core. In this case, the translational

correlation functiorhg, h, , andhp plotted versuskd, for the vol- friction is just the pure hard-sphere friction, i.&.¢, :AgH

ume fractiong = 0.05, and reduced dipolar strengthuof2=2.2, as =A™, and the rotational fric_tion i_s just, as expe_ctéch
given by the MSA. =0. Therefore, those dotted lines in the last two figures rep-

resent the dependence on the concentration of the transla-

Thus all the static structural information needed for the defional and rotational diffusion coefficients of a suspension of
termination of these dynamical properties is contained in th&ard spheresD"S and Dp°=Dg, respectively. Thus the di-

components polar interactions among the colloidal particles of a ferrof-
luid have the effect of strongly restraining the translational
0 000 and rotational Brownian movement of the particles even in

S?o(x)—1+ 7h (), comparison to the hard-core interaction. As a consequence,

the experimental measurement of this effect should be quite

64/ 1 2 feasible and the coefficienf8 and Dy are sensible proper-
SH(x)=1— —| —=hx) — —hqx ties to be observed in order to characterize the ferrofluids in
0(X) () )| . Ores . ;
T\ \3 V30 terms of their magnetic-dipolar interactions and concentra-
tions.

1 66 1 ..o 1. Some general comments are in order concerning @Gs.
Sii(x)=1- - Eh (x)+ \/?)h Ax)|. (16)  and(13)—(15), which are the main results of our theory. It is
clear that the main advantage of using the MSA in the deter-

H H itinlemnl _
In order to get a precise understanding of the behavior o??matlon of the structural quantities™" was the conve

e L 0_ Oy—1 nience of allowing us to truncate the infinite invariant expan-
TﬁidFIeﬁu\S/\I/(r)wre]reC;"e—fﬁg’(:(’le—n;)[)gisdyi;[é?r bAth/h gev) pre(s};nt sions of Egs.(4) and (5) by taking only three terms that
R ” — 61—

N £ embody all the thermodynamic information of the system.
theory, we will discuss their dependence on the parameiers \yjith the help of this approximation in the structural quanti-

2 : .
andp*“. In particular, let us focus on the average long-timeyjeg, it was then possible to obtain simple quadratures for the
translationalD = (2D, +D;)/3 and rotationaDg,_ diffusion  cojlective diffusion propagatofEq. (10)] and of the long-
coefficients, which are the properties that can be experimenime diffusion coefficient§Egs. (13)—(15)]. The theoretical
tally observed. scheme exposed here is then the simplest nontrivial approach

In I;igs. 2 and 3 we present the graphics®fD® and {5 the determination of these self-diffusion properties in fer-
Dgr/D3R, respectively, as functions of dipolar strengifi?,  ocolloids.

for fixed concentrationsp=0.0005 (dash-dotted ling ¢
=0.01(dotted ling, ¢=0.3 (dashed ling and¢= 0.5 (solid
line). As can be observed in these figures, the most notice-
able effect of the dipolar interactions is the strong suppres- |n this work we have applied of the generalized Langevin
sion of both the long-time translational and rotational diffu- equation approach to the description of the tracer diffusion of
sion processes, with respect to their corresponding nonspherical axial symmetric tracer in a suspension of
hydrodynamic free-diffusion value®°=kgT/¢° and Dg other nonsphericalbut axial symmetric particles. For this
= kBT/g“g. generic system we considered a model ferrofluid of identical
It can also be observed in Fig. 2 that fpr*?=0 the  spherical particles with a point magnetic dipole at their cen-
values of the translational diffusion coefficient for suffi- ters. The long-time translation&l and rotationaDg diffu-
ciently large concentrations are clearly lower than the freesion coefficients of the tracer were determined, taking into
diffusion value, which is to be expected since they corre-account its direct dipolar interactions with the other particles
spond to the translational diffusion on a suspension of purén the suspension.
hard spheres at those concentratiorB™/D%=1/(1 We started in Sec. Il by reviewing the results of the GLE

V. SUMMARY
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D/DO

DR/DQR

FIG. 2. RatioD/D° of the translational self-diffusion coefficient FIG. 3. Rati_oDR/D% of the _rotational self-diffu_sion coefficient
of the center of mass to its hydrodynamic value, as a function of th@f the tracer to its hydrodynamic value, as a functiop6f, for the
dimensionless dipolar strengla*2, for fixed volume fractionsp ~ S&@me values o of Fig. 2.
=0.0005(dash-dotted ling ¢»=0.01 (dotted ling, ¢=0.3 (dashed
line), and ¢=0.5 (solid line). cific forms of those expressions in the diffusive regiwre 0

are given in Eqs(13)—(15).

In Sec. lll we defined our model ferrofluid suspension,
ich is completely characterized by the dimensionless vol-
ume fraction ¢=mpd3/6 and magnetic-dipolar strength
w*2=Bu,u?d3 We used the mean spherical approxima-
. ) i N . _tion for the description of the structural properties of this
properties were written in terms of the pairwise interactiony,,je| system. The MSA allows the determination of the
pot_entlal #(r,Q,Q") and the time-dependent collective dif- components of the total correlation functidr™(k) pre-
fusion propagatoC(r,r’,Q,Q";t). _ - cisely for the minimal basis se000),(110),(112). In this

In order to be able to use those results in a specific applisection we showed typical plots of the componeitg'(k).
cation we needed first to determine the precise form of theat the different ranges of parameter values studied here we
until then unknown, relaxation proce§Xt). For this pur-  found that there is no anomalous behavior on these static
pose, we introduced, as in previous work], the most quantities that could imply a serious failure of the MSA.
simple approximation, namely, the Fick diffusion equationThese ranges of values gfandw*2 were in fact selected in
(3) that governs the time dependenceGytt). Then the ho- correspondence with the values measured for these param-
mogeneity approximation was employed to reduce the threesters in most of the experimental studies on ferroflyigls
body static correlation functioar(r,r’,Q,Q’) that appears and also correspond to the typical values considered in the
in the diffusion equation to a two-body property(r  theoretical counterpar{®,18].
—r',9,Q"), which could be calculated approximately for ~ The approximate expressions of the components of the
the specified model system by means of the statistical me-
chanics theory of molecular and simple liquids. Thereafter
due to the axial symmetry of the interaction, we used ar
auxiliary technique given by an invariant expansion of all
functions of the formf(r,Q2,Q)’), in terms of the spherical
harmonics. This infinite but otherwise convergent expansior
allowed us to rewrite in an equivalent manner the dynamica
equation ofC(t), i.e., Eq.(5). Thus our problem was reduced
to the calculation of the componertré*)‘(”(k,w) of the propa-

gator in terms of the componer{te‘l(k)]f‘;”, as given by
that equation.

In Sec. IV even simpler expressions were derived for the,
componentsCY(k,w), using the minimal basis semnl)
=(000), (110, and (112 [Eq. (10)]. It was then a simple 0o . - i . ,
procedure to introduce those components into the Fouriet 00 0.1 02 03 04 05
transformed version of Eq2) in order to get the final ex- o
pressions of the friction contributions{,(w). These results
are then ready to be used in any application of the generic FIG. 4. RatioD/D° as a function of¢, for fixed dipolar
system referred to above, namely, a monodisperse Browniagirengths u*2=0.0 (dash-dotted ling wx*2=0.2 (dotted ling,
liquid of nonspherical but axial symmetric particles. The spe-u*2?=1.0 (dashed ling and u*?=2.2 (solid line).

theory as concerned the general and exact expressions of thc?1
time-dependent friction contributions on the tracer""
AZ,()(y=]|L,R) due to its direct interactions with the
other particles diffusing around[iEq. (2)]. These dynamical

D/Do
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Concerning the accuracy of our method in calculating
these properties, let us note that in the present work we used
the same general approximations as has been done in the
previous version of this theory when applied to describe the
same properties for spherically symmetric interactions. In
that case the theory has been shown to give a precise predic-
tion for these diffusion properties compared to experiments
on real suspensions of polystyrene particles and where hy-
drodynamic interactions where included by renormalizing
the short-time coefficient of the tracer in the suspension,
such that its value departs from that corresponding to the
infinitely dilute casd?2]. Reliable structural properties where
included for the short-range pairwise interaction as provided
by the Percus-Yevick theory. Let us point out the differences
of the present work from the case explained just above. In

FIG. 5. RatioDg/D$ as a function ofp, for the same values of this respect we would like to say that here we have not in-
w*? as in Fig. 4. cluded the renormalized value of the short-time diffusion
coefficient of the dipolar tracer. Its precise value should be
provided by an external theory or experiment. Instead, use

the rotational static frictiod (g valid for this model system, has been made of the analytical short-time coefficient of a

are given by Eqs(11)—(15). These equations constitute our neutral spherical tracdrl9]. The other concern in our ap-

most important results since they provide the friction contri-Proximations is related to the determination of the micro-
bution, in the diffusive regime, to the diffusion coefficient structural properties. This was assessed with the MSA theory

D,= kBT/(§2+A§7)(y= I,L,R) of a nonspherical tracer in for the long-range Qipolar interagtion, which should be useful
a monodisperse Brownian suspension of nonspherical paf-or low-concentration suspensions. Therefore, we expect
ticles. only a qualitative accuracy of our predictions for the tracer
In Sec. IV we also presented the results obtained from théliffusion properties when compared to real experiments and
theoretical scheme presented here. The main conclusion deomputer simulations.
rived from this study is that both the long-time translational However, we believe that the insights provided by these
and rotational diffusion coefficien@® andDg, respectively, results might be useful in the understanding of the long-time
are strongly suppressed with respect to the correspondirgglf-diffusion in real ferrofluids. Our results can also be ap-
hydrodynamic free-diffusion valueB® and Dg when the plied to the study of the same diffusion properties on elec-
dipolar strength is increased at a constant concentration. Thisorheological fluids. These results are also easy to generalize
effect is even more evident when the suspension becomés the important situation in which several species of ferro-

¢

translational static friction of the trace&r{; andA{, and of

more concentrated. particles are present.
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