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Magnetic properties and structure of polydisperse ferrofluid models

Tamás Kristóf
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The influence of polydispersity on the equilibrium properties of dipolar systems with short range repulsive
interactions~modeled by a shifted and truncated Lennard-Jones pair potential! is studied by means of canonical
Monte Carlo simulation and a high field approximation perturbation theory. The particle concentrations and the
average magnetic moments of the investigated systems are typical of real ferrofluids. The magnetization curves
are calculated and the microstructures are analyzed as a function of density, and the obtained results are
compared with the data determined in the monodisperse equivalents of the systems. At weak and moderate
magnetic fields the magnetization is found to be generally higher in the polydisperse system than in the
corresponding monodisperse one. Our findings for the magnetic properties can partly be explained by the
structural characteristics obtained from the simulations.
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I. INTRODUCTION

Ferrofluids~ferrocolloids, magnetic fluids! are stable col-
loidal dispersions of magnetic particles in liquid carrie
which have a wide range of technological applications@1#.
The particle size is chosen to be small~4–14 nm! to reduce
magnetostatic interactions and the particles are coated
surfactants to prevent aggregation. An important feature
ferrofluids is that each particle in the fluid is a magne
monodomain, i.e., has a permanent magnetic dipole mom
which intensity is fixed, depending on the nature of the m
terial constituting the particles, and proportional to the v
ume of the particle. Consequently, apart from the us
spherically symmetric interactions: van der Waals attracti
and electrostatic or steric repulsions, dipolar particle inter
tions play a fundamental role in their properties. It can
useful to treat ferrofluids as dipolar fluids, where only t
colloidal particles are explicitly taken into account. Man
theoretical studies dealing with dipolar fluids take ferroflu
as an experimentally available example of dipolar flu
@2–7#.

The physical properties of dilute ferrocolloids can be d
scribed adequately in the framework of the one-parti
model, which takes ferrocolloid as a gas consisting of n
interacting particles@8#. It is possible to write the equilib-
rium magnetization by applying the Langevin functio
L(a)5coth(a)21/a:

ML5
mN

m0V
L~a!. ~1!

Here, m denotes the magnetic moment of a colloidal p
ticle, N is the particle number,V is the volume, m0
54p31027 H/m, anda5 mH/kT represents the Langevi
parameter withH being the magnetic field intensity,k
the Boltzmann constant, andT the temperature. Howeve
the interparticle interactions play a very important role
concentrated ferrofluids leading to a significant incre
1063-651X/2003/68~4!/041109~8!/$20.00 68 0411
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of the initial gradient of the magnetization curve~initial sus-
ceptibility! in comparison with the value predicted in Eq.~1!
@9#.

Real ferrofluids are more or less polydisperse. This me
that the nanoparticles are not necessarily the same: they
have different sizes and different magnetic moments. A po
disperse fluid can be considered as a mixture with a la
number of components, where the particle size, shape o
teraction changes essentially continuously. This additio
variable not only affects the equation of state for the syst
but also the existence of phase transitions. Size polydis
sity, for example, has been shown to have a large effec
the coexistence densities. It is known, furthermore, t
monodisperse colloidal systems can fill at most;60% of
space in the liquid state, while colloids with a properly ch
sen particle-size distribution can be made essentially sp
filling, both in the solid and in the liquid@10#.

The reports on investigation of the influence of polyd
persity on the behavior of dipolar systems are scanty in
literature@7,11–14#. From a theoretical point of view a per
turbation theoretical study was given by Ivanovet al. @11,12#
and a cluster expansion study was proposed by Huke
Lücke @13#. The only simulation study using realistic poly
disperse models has been carried out in a strongly dip
hard sphere system where the existence of a spontan
ferroelectric fluid phase can be observed for the mono
perse case@7#. This work showed that polydispersity either
the magnetic moments or in the size of the hard sphe
reduces the ferroelectric order.

In this paper our main concern is the influence of po
dispersity on the equilibrium properties of dipolar systems
which particle concentrations and average magnetic m
ments are typical of real ferrofluids. The magnetizati
curves are calculated and the microstructures are analyze
a function of density, and the obtained results are compa
with the data determined in the monodisperse equivalent
the systems.
©2003 The American Physical Society09-1
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TABLE I. Experimental data~saturation magnetizationMS , number densityN/V) and parameters of the
gamma distribution for two ferrofluids@11#.

Ferrofluid MS ~kA/m! N/V (m23) m̄ ~V s m!a a x0 ~nm! x̄ ~nm!b

1 87.1 43.831022 2.50310225 7.54 0.97 8.2838
2 88.6 42.031022 2.65310225 2.72 2.03 7.5516

am̄5m0MSV/N.
bx̄5x0(a11).
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II. METHOD

A. Models

The systems consist of spherical particles of diameters i ,
which have permanent point dipole~magnetic! momentsmi .
The short range repulsive interaction between particlei and j
is modeled by a shifted and truncated Lennard-Jones~sLJ!
pair potential@15#

w i j
r 54«F S s i j

r i j
D 12

2S s i j

r i j
D 6

2S s i j

r c
D 12

1S s i j

r c
D 6G ,

r i j <r c5s i j 321/6, ~2!

where« is the energy parameter,r i j is the interparticle dis-
tance,r c is the cutoff radius, ands i j 5(s i1s j )/2. This cut-
off radius ensures that the short range interaction potenti
very close to the hard sphere potential. The dipole-dip
potential between particlesi and j is given by

w i j
d 5

1

4pm0
Fmi•mj

r i j
3 23

~mi•r ij !~mj•r ij !

r i j
5 G , ~3!

and the interaction of dipole moments with an external fi
H can be written as

w i
ext52mi•H. ~4!

To introduce realistic polydispersity into calculations w
started from the experimental magnetization curves of
ferrofluids consisting of magnetite particles@11#. The particle
polydispersity of these fluids is described by the gamma
tribution @16#

p~x!5
1

x0
S x

x0
D a exp~2x/x0!

G~a11!
, ~5!

wherex is the magnetic core diameter of particles,x0 anda
are the parameters of the distribution andG denotes the
gamma function. Table I shows the parameters of the dis
bution as well as experimental data for the two ferroflui
Supposing spherical particles, the mean magnetic mome
the ferrofluid,m̄ depends linearly on the bulk magnetizatio
of the ferromagnetic componentMd :

m̄5m0Md

p

6
x3. ~6!

HereMd5480 kA/m ~solid magnetite! andx3 stands for the
mean cubed core diameter. To model polydispersity of
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magnetic interactions we assumed that this relation is v
for each individual particle of the ferrofluid, i.e., for partic
i , mi}xi

3. In this approach, the polydispersity in size w
neglected first, and the particle diameter was chosen to
s i5 x̄ ~model I!. However, the simple equality,s i5xi , al-
lows us to take into account the size polydispersity of th
fluids in a natural way~model II!.

B. Theory

In a strong external magnetic field it may be assum
@17,18# that the orientation of magnetic dipole moments
governed mainly by the external field and the dipole-dip
interaction can be considered as a perturbation. Accordin
this assumption the potential energy of this reference sys
is

F05(
i , j

w i j
r 1(

i
w i

ext . ~7!

The reference pair correlation function is given by the pro
uct of the pair correlation function of the shifted and tru
cated Lennard-Jones fluid and the orientation distribut
functions of ideal dipoles:

gi j ~r 12,v1 ,v2!5 f i~v1!gi j
sLJ~r 12! f j~v2!, ~8!

where, e.g.,

f i~v1!5
a i

sinha i
exp~a i cosq1! ~9!

with a i5mi•H/kT and q1 is the angle between thei th di-
pole and the external field. The corresponding configu
tional integral is

Q05QsLJ)
i

sinha i

a i
. ~10!

The long-ranged dipole-dipole interaction@Eq. ~3!# is consid-
ered as a perturbation and, on the basis of the conventi
Mayer function expansion of the configurational integralQ,
we obtain

ln
Q

Q0
>

1

32p2V2 (
i , j

NiNjE dr 1dr 2dv1dv2

3 f i~v1! f i j
M~r 12,v1 ,v2!gi j

sLJ~r 12! f j~v2!, ~11!

where
9-2
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MAGNETIC PROPERTIES AND STRUCTURE OF . . . PHYSICAL REVIEW E 68, 041109 ~2003!
f i j
M~r 12,v1 ,v2!5expS w i j

d ~r 12,v1 ,v2!

kT D 21 ~12!

is the dipole-dipole interaction Mayer function. Here,Ni de-
notes the number of dipoles bearing dipole momentmi . In
the expansion of the configurational integral those ter
which contain higher order distribution functions are d
carded. To calculate the integrals in Eq.~11! a further ap-
proximation is necessary. Here we expand the Mayer fu
tions into first order Taylor series and therefore obtain t
types of integrals instead of the original one. The integrat
with respect tov1 andv2 can be performed analytically. Th
remaining integration with respect tor1 and r2 , using the
asymptotic value of thegi j

sLJ(r 12) pair correlation function,
can also be carried out analytically on an infinitely prola
ellipsoid to avoid the depolarization. From the configu
tional integral@Eq. ~11!# the magnetic field dependent fre
energy can be predicted,

F5FsLJ2kT(
i

Ni lnS sinha i

a i
D

2
2p

3V (
i , j

NiNjmimjL~a i !L~a j !. ~13!

Assuming continuous polydispersity in dipole moment t
free energy can be expressed by the help of integrals
taining the distribution function@Eq. ~5!#.

The derived magnetization function reads

M5
N

m0V
@ L̄~a!1xLL̄~a!L̄8~a!#, ~14!

where

L̄~a!5E
0

`

m~j!p~j!L@a~j!#dj, ~15!

and

L̄8~a!5E
0

`

m2~j!p~j!L8@a~j!#dj. ~16!

In these equations,L8(x) is the derivative of the Langevin
function andxL5m2N/3m0VkT is the Langevin susceptibil
ity. It should be noted that in the case of model II the varia
j is replaced by the molecular diameter variable. It is imp
tant to see that the shifted Lennard-Jones reference sy
does not give any contributions to the magnetic propertie
this first order approximation. Furthermore, it is not surpr
ing that the terms of Eq.~14! also appear in a more compl
cated cluster expansion method proposed by Huke
Lücke @13#. To improve our first order perturbation theore
cal approximation the external field strength inside the m
netic fluid is substituted by an effective field strengthHe ,
which was calculated on the basis of the Weiss model:

He5H1M /3. ~17!
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The initial magnetic susceptibility is calculated from the fie
strength derivative of the magnetization. After some elem
tary calculation,

x5xL1xL
2/3 ~18!

can be obtained. The aforementioned equation is ident
with the first order equation of Ivanov and Kuznetsova@11#,
and with the formula of Szalaiet al. @18,19#, which was
originally derived for the dielectric constant of monodisper
polar fluids.

C. Computational data

Standard canonical Monte Carlo~MC! calculations were
performed for the dipolar systems atT5300 K using N
5500 particles. The simulations were started either from
face-centered-cubic lattice configuration with a random d
tribution of the dipole moment orientations, or from an ou
put configuration of a previous run. The equilibration peri
in the simulations included 100 000~monodisperse case! or
500 000 ~polydisperse case! cycles, the total length of the
production period varied between 400 000~monodisperse
case! and 600 000~polydisperse case! cycles, and in some
cases up to 1000 000 cycles. Each cycle consisted ofN at-
tempted translational and orientational moves of the p
ticles, where the maximum changes were adjusted to obta
40–50 % acceptance rate for the move. In the case of
polydisperse systems, each cycle included additional 40
cluster moves. A general cluster moving scheme@20# was
applied using cluster translation and rotation. Here, for s
plicity, all moves leading to an inclusion of a new partic
into the cluster were rejected. The clusters were defined
the basis of the pair energies of the interacting partic
@21,15#: two particles were considered to be bound if th
potential energy was less than 75% of their contact energ
perfect co-alignment.

The long-range dipolar interactions were treated using
Ewald summation with conducting boundary condition@22#.
In this case the applied external field is identical to the int
nal field acting on particles throughout the simulation box

In the course of the simulations the convergence profi
of the quantities of interest were monitored. Estimates for
error bars were made by dividing the whole runs into 20–
blocks and calculating the standard deviation of the blo
averages@23#.

The results for the dipolar~magnetic! fluids are presented
in reduced units:T* 5kT/« is the reduced temperature,r*
5Ns3/V is the reduced density,M* 5M /A4p«/(m0s3) is
the dimensionless magnetization,H* 5HA4pm0s3/« is the
dimensionless magnetic field, andm* 25m2/(4pm0«s3) is
the reduced squared dipole moment, where parameter« con-
trols the strength of the isotropic repulsion as compared
the dipole-dipole potential. Here we adopted«/k5300 K
and, as we mentioned earlier,s5 x̄ ~note thatx̄ is different
for the two ferrofluids investigated!.

The discretization of the particle distribution densityp(x)
necessary for molecular simulation with limited number
particles is illustrated in Fig. 1. Furthermore, to demonstr
the diversity of the dipole-dipole interaction strength b
9-3
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T. KRISTÓF AND I. SZALAI PHYSICAL REVIEW E 68, 041109 ~2003!
tween two particles of different magnetic core sizes, we ta
lated the dipolar coupling constants,l5m* 2/T* at selected
particle sizes for ferrofluid 1~cf. Table II; the magnitudes ar
the same for ferrofluid 2!.

III. RESULTS AND DISCUSSION

Deviations from the Langevin formula@Eq. ~1!# clearly
reflect the variations in the interparticle interactions, so
begin with the discussion of the magnetization curves. In
simulation the equilibrium magnetization can be obtain
from the expression

M5
1

m0V K (
i 51

N

miL , ~19!

where the brackets denote canonical ensemble average
calculated magnetization values are displayed in the uni
the saturation magnetization of the ideal ferrocolloid gas

MS5
m̄N

m0V
. ~20!

Figure 2 shows the results for the polydisperse ferrofluid
and 2 and for their monodisperse equivalents~i.e., mi5m̄
ands i5 x̄ for each particle!. The magnetization curves from
the perturbation theory are given by Eq.~14!. According to
this expression, the theory does not give any distinction
tween the two models used. The influence of the density

FIG. 1. Discretization of the particle distribution density. So
and dashed lines represent theG distributions for ferrofluids 1 and
2, respectively.

TABLE II. Coupling constantl between two particles of differ-
ent magnetic core sizes for ferrofluid 1.
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investigated in the case of ferrofluid 1: in addition to t
experimental density two different reduced densities, on
just the experimental value for ferrofluid 2, were chosen. T
agreement between simulation and theory is ‘‘better th
qualitative,’’ which verifies the efficiency of this simple firs

FIG. 2. Dimensionless magnetization as a function of
Langevin parameter for the monodisperse fluids~a!, for model I~b!,
and model II~c!. Symbols represent the simulation results and lin
are the theoretical predictions. The triangles and the dotted l
correspond to ferrofluid 1 atr*50.1809, the circles and the soli
lines to ferrofluid 1 atr*50.2490, the diamonds and the dash
lines to ferrofluid 1 atr*50.3500, and the crosses and the da
dotted lines to ferrofluid 2 atr*50.1809. The thin continuous line
is drawn to guide the eye: this represents the Langevin func
L(a)5coth(a)21/a. The statistical uncertainties of the simula
tion results are only partially displayed in the insets for clarity; er
bars are drawn only if the estimated statistical uncertainty is not
than the symbol size. For the polydisperse fluids,a5m̄H/kT.
9-4
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MAGNETIC PROPERTIES AND STRUCTURE OF . . . PHYSICAL REVIEW E 68, 041109 ~2003!
order theory. For the monodisperse systems, the theory
vides a very good reproduction of the simulation results. T
figure also shows that in the polydisperse case the theore
predictions are weaker. It can be seen that the magnetiza
curves can be split into two parts. In the range of the stro
external magnetic field the differences in magnetization d
of the various systems are generally small and becom
progressively smaller with increasinga. The different curves
tend to the same limiting value,M /MS'0.96; this implies
that the high external energy dominates the systems and
magnetization no longer depends on the details of the
tem’s constitution, i.e., the distribution of the particle ma
netic moments. At weak and moderate magnetic fieldsM is
generally higher in the polydisperse system than in the c

FIG. 3. Order parameter~polarization! as a function of the
Langevin parameter for model I~a! and model II~b!. The results for
the monodisperse fluids are presented as curves fitted to the dis
points for clarity. The meaning of the lines and symbols is the sa
as in Fig. 2. For the polydisperse fluids,a5m̄H/kT.

TABLE III. Initial susceptibility for model II. The numbers in
parentheses represent data for the corresponding monodispers
tem.

Ferrofluid xsimulation x theory

1, r*50.1809 7.561.5 ~1.860.7! 5.56 ~1.81!
1, r*50.2490 10.561.7 ~2.760.5! 9.05 ~2.77!
1, r*50.3500 18.862.4 ~4.460.9! 15.64~4.49!
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responding monodisperse system. This difference is m
pronounced and evident in the case of model II, while
application of model I has remarkable consequences in
simulation. First, seemingly spontaneous magnetization
curs at zero external field at all the investigated densities
model I. This is due to the formation of large aggregates a
we will discuss this point later. Nevertheless, it is obvio
that finite size effects are not negligible here. Second, it w
necessary to use a cluster-move technique in these fluids
cause the mobility of the particles with magnetic mome
greater than the average magnetic moment is rather low.
given microstate, there is high probability that such a parti
is ‘‘cluster-bound’’ and thus the cluster moves are mos
carried out with the inclusion of particles of larger magne
moments. However, despite the cluster-move algorithm us
very long simulations are needed even at stronger exte
fields.

Although the influence of the density on the shape of
magnetization curves seems to be weak, there is a signifi
density dependence of the initial gradient of the curves. T
initial susceptibility, which can be expressed by the line
relationshipM5xH at H→0, was determined from the zer
field simulations using the following fluctuation formul
@23#:

x5
1

3kTm0V S K S (
i 51

N

miD 2L 2K (
i 51

N

miL 2D . ~21!

ete
e

FIG. 4. Pair correlation functions at zero field~a! and at differ-
ent magnetic fields atr*50.2490~b! for ferrofluid 1. s indicates
model II andm denotes the monodisperse case.

sys-
9-5



T. KRISTÓF AND I. SZALAI PHYSICAL REVIEW E 68, 041109 ~2003!
TABLE IV. Average percentage of particles inn-mers at different magnetic fields for model I.

Ferrofluid a Dimer Trimer ~4-8!-mers ~9-39!-mers ~40-!-mers S

1
r*50.1809

0 1.2 0.1 0.03 0.2 16.0 17.5

1 1.5 0.3 0.3 0.6 15.1 17.8
5 2.5 0.4 0.7 3.9 11.6 19.1
25 3.5 0.7 1.5 9.9 3.8 19.4

1
r*50.2490

0 1.6 0.1 0.1 0.7 15.9 18.4

1 2.0 0.3 0.4 1.6 14.2 18.5
5 3.3 0.9 0.6 1.7 13.0 19.5
25 4.1 0.8 2.1 8.9 4.9 20.8

1
r*50.3500

0 2.4 0.2 0.1 0.8 15.3 18.8

1 2.9 0.5 0.6 2.2 12.9 19.1
5 4.2 0.9 2.0 9.3 4.0 20.4
25 5.2 0.9 1.8 12.9 1.5 22.3

2
r*50.1809

0 0.8 0.03 0.05 4.4 15.9 21.2

1 0.9 0.1 0.04 0.2 21.0 22.2
5 1.5 0.5 0.9 5.4 14.6 23.0
25 3.0 0.8 1.7 8.8 9.0 23.3
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For some monodisperse systems, we have checked the a
cability of the formula by comparing our results with liter
turex values determined from data of the initial region of t
magnetization curves by linear regression fittings@15#. The
initial susceptibility data for model II are summarized
Table III. It should be noted that Eq.~21! provides unrealistic
results for model I probably because of the large deviati
of the calculated magnetization values from zero. The an
tropic behavior cannot be adequately described by
present perturbation theory as well. To estimate the ra
over whichM is directly proportional toa for ferrofluid 1~in
the case of model II andr*50.2490!, the magnetization
were determined also in the range ofa from 0 to 0.5. It can
be seen from the enlarged part of Fig. 2~c! that the linear
relationship can be considered valid, at most, up toa50.2.

Figure 3 shows the calculated polarization data for
investigated systems. The polarization is defined as the
semble average of the order parameterP1 ,

P5^P1&5
1

N K (
i 51

N mi

mi
•dL , ~22!

whered is the average~instantaneous! orientation of the di-
poles, called the director@21#. Similar to the magnetization
curves, the density dependence is also weak here, at lea
the moderate and strong field regime. However, the polar
tion data magnify the existing differences between the s
tems of various types of polydispersity and between
polydisperse and monodisperse systems. The polariza
curves are shifted downward from the curves of the mo
disperse systems to those of ferrofluid 2, which means
the ability of the dipoles of these systems to co-align with
field direction reduces with the increase of the proportion
04110
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large dipoles in the systems. Furthermore, it is importan
note thatP is practically zero for the systems studied in t
absence of the external field. The obtained small deviati
from zero in the case of polydisperse model I are proba
due to finite size effects and do not indicate that these s
tems exhibit ferroelectric order.

TABLE V. Average percentage of particles inn-mers at different
magnetic fields for model II. The numbers in parentheses repre
data for the corresponding monodisperse system.

Ferrofluid a Dimer Trimer ~4-8!-mers S

1
r*50.1809

0 2.9 ~2.9! 0.2 ~0.1! 0.01 ~–! 3.1 ~3.0!

1 3.0 ~3.4! 0.2 ~0.1! 0.01 ~–! 3.2 ~3.5!
5 3.3 ~5.7! 0.2 ~0.3! 0.01 ~0.02! 3.5 ~6.0!
25 4.2~7.6! 0.3 ~0.5! 0.02 ~0.04! 4.5 ~8.1!

1
r*50.2490

0 4.2 ~3.9! 0.4 ~0.1! 0.04 ~–! 4.6 ~4.0!

1 4.2 ~4.6! 0.4 ~0.2! 0.04 ~–! 4.6 ~4.8!
5 4.7 ~7.1! 0.4 ~0.5! 0.04 ~0.03! 5.1 ~7.6!
25 5.9~9.2! 0.5 ~0.8! 0.05 ~0.06! 6.5 ~10.1!

1
r*50.3500

0 6.2 ~5.5! 0.8 ~0.3! 0.1 ~0.01! 7.1 ~5.8!

1 6.3 ~6.3! 0.8 ~0.4! 0.2 ~0.02! 7.3 ~6.7!
5 6.9 ~9.0! 0.9 ~0.7! 0.2 ~0.06! 8.0 ~9.8!
25 8.5~11.2! 1.1 ~1.1! 0.2 ~0.11! 9.8 ~12.4!

2
r*50.1809

0 4.0 ~7.7! 0.3 ~0.6! 0.04 ~0.04! 4.3 ~8.3!

1 4.0 ~8.9! 0.3 ~0.8! 0.04 ~0.08! 4.3 ~9.8!
5 4.1 ~12.9! 0.4 ~1.8! 0.04 ~0.2! 4.5 ~14.9!
25 4.7~16.1! 0.4 ~2.8! 0.04 ~0.5! 5.1 ~19.4!
9-6



e-

in
nge
for

his

of
ears
than
n in
he
he
is-

sen
ese
aks
ten-

del
,
s a

les
he
ads
the

he
ign-
ter
ese

t the
ing
the
nd

of
rge
Our
o-

n be
of

the
ach
we

ay
ro or
ese
pul-
ger
al
ve
tem

ro

ro
t

s
et

MAGNETIC PROPERTIES AND STRUCTURE OF . . . PHYSICAL REVIEW E 68, 041109 ~2003!
FIG. 5. Snapshots of the simulation cell of ferrofluid 1 at ze
field ~a!, at a53 ~b!, and ata525 ~c! for model I atr*50.2490.
The dipolar particles are depicted as arrows with lengths p
portional to the magnetic core diameters. Dipoles belonging
the same large cluster are represented in black, the other
gray. The arrow on the frame indicates the direction of the magn
field.
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Figure 4~a! illustrates that there is a marked contrast b
tween the pair correlation functionsg(r ) produced by using
model I and model II for ferrofluid 1~ferrofluid 2 yields
similar results!. This is not surprising since the structure
condensed phases is primarily affected by the short ra
repulsion forces. The comparatively featureless peaks
model II do not reveal association, which resembles, in t
respect, the monodisperse case@cf. Fig. 4~b!, curve a
50(m)]. In contrast, the calculations for the structure
model I demonstrate strong aggregation: a shoulder app
at r /s,1.0 and the distances between the peaks are less
1. The density dependence of the structure is also see
Fig. 4~a!. The height of the peaks slightly increases with t
increase ofr, the only exception being the shoulders in t
case of model I. However, noteworthy is that the radial d
tribution functionJ(r )54pr 2rg(r ), which gives the num-
ber of particles at a given distance from an arbitrary cho
center, shows approximately the same intensity for th
shoulders. When the external field is switched on, the pe
become more intense and the shoulder shrinks. This
dency is represented in Fig. 4~b! at r*50.2490 for model I.
The peak height changes similarly also in the case of mo
II ~and for the monodisperse systems!, but to a lesser degree
reflecting that the increase of the field strength induce
more ordered state.

The results of our cluster analysis are compiled in Tab
IV and V. It is clearly seen that the increase of either t
density or the mean magnetic moment of the ferrofluid le
to a larger percentage of particles organized in clusters in
system~see also Table I:m̄ is greater for ferrofluid 2 than for
ferrofluid 1!. The increase of the amount of clusters with t
field strength is also an obvious result since the better al
ment of the dipoles along the field direction gives a bet
chance to the particles to form aggregates. Certainly, th
clusters are not necessarily stable structures throughou
simulation but are continuously breaking and recombin
with other clusters or monomers. In the case of model I,
most striking point is the large proportion of particles fou
in aggregates. Here, at a given microstate, the majority
particles organized in clusters generally belongs to one la
aggregate containing even up to 120 magnetic dipoles.
analysis showed that nearly all particles with magnetic m
ments greater than the average magnetic moment ca
found in clusters. This is evidently due to the application
a uniform repulsive core size in model I, which enables
particles with larger magnetic moments to get closer to e
other. In contrast, the picture is somewhat complicated if
use the magnetic core diameter,xi for s i ~cf. Table V!. The
average percentage of particles inn-mers is mostly smaller
than that obtained in the monodisperse system, and it m
exceed the corresponding monodisperse value only at ze
weak external fields. The weak field dependence of th
data can be attributed to the nonuniform short range re
sive interaction that prevents the close contact of the lar
point dipoles. By visual inspection of the three-dimension
configurations formed at different magnetic fields, we ha
made sure that the structure of the latter polydisperse sys
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is characterized by randomly distributed short clusters
the resultant dipole moments of these clusters can easily
align with the field direction.

Finally, let us return to the problem connected with t
magnetization curves obtained for model I. At weak and
termediate field strengths large metastability effects w
found. Smaller magnetization data were calculated when
simulations were started from a configuration initially equ
brated in the absence of the external field as compare
those obtained in the standard case~a face-centered-cubi
lattice configuration with random distribution of the dipo
moments!. We have to emphasize that the initial configur
tion dependence can be as large as 40% ata<2. The snap-
shot of a typical configuration of the system at zero field@cf.
Fig. 5~a!# reveals that a large cluster spreads through
whole simulation box forming a chainlike structure. He
the nonzero value ofM may result from the finite size of th
simulated system and indicate this structure rather tha
weak ferroelectric phase. Starting from such configuratio
the external field can break the previously develop
branched chains, within the length of our simulations, only
it is sufficiently strong. In the strong field regime, the syste
also contains an aggregate with several tens of dipoles,
now this aggregate exhibits a columnlike structure@cf. Figs.
5~b! and 5~c!#.
s
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In summary, on the basis of our simulation results we c
conclude that the behavior of model II reveals more simila
ties with monodisperse systems than model I. Under
studied conditions, unlike model II, model I implies the fo
mation of an anisotropic phase. Considering the chain form
tion, which generally cannot be observed in real ferroflu
in the absence of the external magnetic field, model I is a
realistic polydisperse model, but it may represent an imp
tant first step to understand the structure and physical p
erties of polydisperse dipolar systems. According to
physical picture for magnetic colloids, model II certainly
the better choice for modeling such systems. However,
model does not show any chain formations at strong m
netic fields.

In order to improve the applied theory the inclusion of t
higher order perturbation terms would be necessary to ob
better agreement between simulation and theory. Furt
more, to explain the structure of polydisperse systems, ei
in the absence or in the presence of the external magn
field, the application of a density functional theory, instead
a conventional perturbation theory, would be worthwhile.
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