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SUMMARY
We investigate the peculiarities brought by the 2D geometry into the process of 

aggregate formation in ferrofluids using two different approaches:  density functional 
theory, and Molecular Dynamics simulations.  In the MD simulations long-range interactions 
are taken into account using a recently developed dipolar-P3M method plus a dipolar layer  
correction (DLC) to properly account for the 2D geometry of the problem.

The experimental study of ferrofluid microstructures in 3D  is a hard task  due to the size 
of the particles and the optical properties of carrier liquids.  Instead, 2D systems  are 
nowadays accessible to the eye thanks to the Cryo-TEM  techniques as  shown  in the 
following experimental images. These 2D systems provide an excellent opportunity to 
compare experimental data, simulations and current  theories for ferrofluids.

The analysis of experimental monodisperse ferrofluid monolayers has been done 
recently by Klokkenburg et al (PRL, 96, 037203, 2006):  2D ferrofluids seems to inherit 
many of the properties of bulk samples, and at the same time exhibit new kinds  of 
structures like rings.

A first stage previous to the comparison with experimental data consist in developing 
theories, and fast computer algorithms suitable  to handle with these  2D systems.    

INTRODUCTIONINTRODUCTION

    Images of  monodisperse and bidisperse experimental 2D ferrofluid systems  obtained  through 
Cryo-TEM techniques.  Monodisperse images:  see M. Klokkenburg, R.P.A Dullens, W.K. Kegel, B.H 
Erne,   A.P. Phillipse , PRL 96, 0372033, (2006). Bidisperse images: private communication by the 
same authors.

 

A FAST COMPUTATIONAL A FAST COMPUTATIONAL 
ALGORITHM: dipolar-P3M + DLC ALGORITHM: dipolar-P3M + DLC 

The use of 2D dipolar Ewald sums  in systems beyond  a few  particles  is very expensive 
computationally.     A   better   alternative  consist  in   the  use  of  two  recently  developed 
techniquqes:   the  dipolar-P3M  method  (J. Cerda, C. Holm, et al,   to  be  published)   for 3D 
systems  plus  the dipolar layer  correction DLC  ( A. Brodka, Chem Phys. Lett,  400, 62, 2004) 
which  adapts the  3D-results obtained  by P3M to a 2D-geometry.  This clever combination
provides an almost  linear  algorithm for 2D,  which drastically improves  the performance of
previous  quadratic  dipolar algorithms. 

We assume our monolayer  to be inside a cubic box  which  repeats  to the 
infinity along the  three directions in order to be able to apply the dipolar-P3M 
algorithm. In our MD simulations, particles interact through  LJ to mimic steric 
repulsion, and long-range dipole-dipole interactions.  

STEP-1:  Map dipolar 
particle positions to a
lattice.

STEP-2:  Compute the 
FFT of the lattice density

STEP-3:   Compute in the  
Fourier space the mesh 
potential, Electrostatic 
field,  forces and torques.

STEP-4:  Compute the 
back FFT of these mesh 
magnitudes

STEP-5:   Map back the 
mesh magnitudes to 
the particles.

HOW P3M WORKSHOW P3M WORKS

DLC

dipolar-P3M

The new algorithm is able to mimic  the behaviour found  in monodiperse and bidisperse
experimental monolayers including   the  formation  of rings and other structures observed
in experiments ([Large part.]=0.5, [Small part.]=0.3). 

L=4.3
S=1.3

=4.5

=20±3nm =24±2nm
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DENSITY FUNCTIONAL THEORY FORDENSITY FUNCTIONAL THEORY FOR
  2D FERROFLUID SYSTEMS2D FERROFLUID SYSTEMS

Key Points of the Key Points of the 
theoretical model:theoretical model:

- Monodisperse quasi-2D system.
- Dipole-dipole + LJ to mimic steric repulsion.
- We consider as possible aggregates: chains, and rings.
- Only nearest neighbor interactions.
- No interactions among aggregates.

 Our purpose is to minimize the free energy density, eq.1,  with respect to  the chain 
and ring surface distribution functions,  g(n),  and f(n)  respectively  under the 
constraint of the mass balance equation, eq. 2. Surprisingly,  the 2D geometry of the 
system complicates substantially the theoretical description.

g(n) = Number chains of length “n”  /  s  

f(n) = Number of rings of length “n”  /  s  

g n =Qnen
/s f n =W nen

/s

Q(n) = Partition function for chains

W(n) = Partition function for rings

The partition function  for chains can be rewritten  
in terms of q

0
,  i.e.,   the  partition  of  a  chain of 

length n=2.

Qn=q0
n−1

where q0=q0 

 = particle radius

W n =
1
n

w0
n

where w0=w0  ,n

The partition function for rings can be rewritten 
in terms of w

0
, i.e., the  partition  function  of a 

doublet in a ring of length n

[1]

[2]

 = Lagrange multiplier

s = area of the system

as a result of the minimization we get the following expressions for g(n) and f(n):

analytical expressions for q
0
  and w

0
  have been derived. The existence of  these solutions

allows to calculate  straightforwardly  the partition functions  Q(n),  W(n),  the free energy 
of the  system,  and  the surface distribution functions.  These magnitudes provide all the
information needed to characterize these systems. 

Partition function of a doublet as a function 
of λ for different types of aggregates

The ratio of  ln[Q(n)] to ln[W(n)] as a 
function of n,  for different values of λ.

In bidisperse systems our simulations show that for certain ratios of the size of the 
particles there exist a shortening effect for both chains and rings. Similar shortening effects 
have been also reported for  experimental monolayers.
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