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Abstract

The blocking behavior of quasi-two-dimensional hexagonal arrays of magnetic nanoparticles are studied by Monte
Carlo simulations. Structural deviations from the perfect arrangement are considered (voids, incomplete coverage). We
show that interparticle dipolar interactions are responsible for an increase of the blocking temperature with the
coverage of the film and a decrease of the blocking temperature with the cube of the interparticle distance. Our results

compare satisfactorily with recent experiments.
© 2005 Elsevier B.V. All rights reserved.
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Highly monodisperse periodic arrays of mag-
netic nanoparticles with diameters of the order of a
few nanometers [1-4] consist ideal systems to study
the magnetization reversal mechanism in ensem-
bles of dipolar interacting nanoparticle and at the
same time they are strong candidates as the next
generation magnetic storage media (~1 Tb/in?).
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Due to the chemical route followed for the
preparation of nanoparticle arrays, a few un-
controllable defects (voids, misplaced particles and
incomplete monolayers) are always present [3].
The anisotropy of the magnetostatic interactions
to the spatial arrangement of the nanoparticles
makes their role of considerable importance in
these systems. In this work, we study the blocking
behavior of planar arrays of dipolar interacting
nanoparticles.

We consider identical spherical particles with
diameter D forming a two-dimensional (2-D)
triangular lattice in the xy-plane and lattice
constant d>D. We construct a nanoparticle-
assembled film with finite thickness (1-4 mono-
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layers, ML) by placing particles in the upper layer
above alternate interstices in the lower one [3,4].
The uppermost monolayer is incomplete and is
randomly occupied. The particles are single-
domain, they possess uniaxial anisotropy in a
random direction and they interact via dipolar
forces. The energy parameters entering the total
energy of the system are the dipolar energy, g =
W/ d®, where = M,V is the particle moment, the
anisotropy energy, k = K|V, and the Zeeman
energy, h = uH, due to the applied field H. For
Co nanoparticles with hexagonally close-packed
(HCP) or FCC atomic lattice structure, typical
values are K;~10° erg/(:m3 and M.~10° emu/(:m3
that give g/k~0.52(D/d)’. The magnetic config-
uration under an applied field H and a finite
temperature 7T is obtained by a Monte Carlo
simulation, using the standard Metropolis algo-
rithm [5]. At a given temperature and applied field,
the thermalization of the system is performed
within the first 10* Monte Carlo steps per spin and
thermal averages are calculated over the subse-
quent 10° steps. Simulations were performed on a
15d x 15d x L. cell with d.<L.<4d. and d. =
d+/2/3 is the inter-layer distance. We use periodic
boundaries in the xy-plane and free boundaries in
the z-axis.

The zero-field-cooled (ZFC) magnetization
curves of a series of samples have been calculated
and from the maximum value of those, the
blocking temperature of the system is extracted.
In Fig. 1, we show the dependence of the blocking
temperature of Co nanoparticle arrays on the
coverage. A clear increase of the blocking tem-
perature with layer coverage is seen, that almost
reaches saturation as soon as the first complete
monolayer is formed. Below 1 ML coverage, the
increase of Ty, is due to the anisotropic and
ferromagnetic character of dipolar interactions
that introduce an additional barrier to the
magnetization reversal of the particles. A similar
increase of T}, with particle concentration has also
been observed in 3-D random assemblies of
nanoparticles, as for example, in granular films
[6-8]. Increased T, values relative to the dilute
limit have been recently measured in self-as-
sembled Co nanoparticle arrays prepared from
colloidal dispersions [3] and in self-organized
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Fig. 1. Increase of blocking temperature (7,) with layer

coverage for Co nanoparticle arrays (circles) with D = 5nm
and d = 6.3nm. Full line is a guide to the eye. In-plane applied
field H = 100 Oe.

lattices of Co clusters in Al,O; matrix [9].
However, in the latter experiments the saturation
of Ty values was found after 5-7ML, while in
closed-packed hexagonal arrays we demonstrate
that saturation occurs already after 2 ML. From
this behavior, we conclude that in HCP spherical
Co particles the collective behavior is predomi-
nantly determined by the intra-layer dipolar
interactions, while inter-layer interactions play
only a secondary role.

A strong dependence of the 7, on the inter-
particle distance (d) is shown in Fig. 2. Our data
indicate that for Co nanoparticles the blocking
temperature scales as TbN(D/d)3. Given that the
dipolar strength is g~(D/d)3, we obtain Ty~g,
which means that in hexagonal arrays of Co
nanoparticles the dipolar interactions provide an
additional energy barrier for magnetization rever-
sal which is proportional to the dipolar coupling
strength.

Our results for the blocking behavior are in
qualitative agreement with recent measurements of
ZFC/FC curves [3,9] indicating an increase of Ty,
relative to the dilute limit. More measurements in
samples with different surfactants, which control
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Fig. 2. Increase of blocking temperature (7},) with decreasing
particle separation (d) for an ideal hexagonal array of Co
nanoparticles (circles). Straight line is a least-square fit to the
simulation data. Same parameters as in Fig. 1 are used.

the interparticle distance [10], would help to verify
the scaling behavior of Tj,. Control of the layer
coverage has so far been accomplished by varia-
tion of the colloidal dispersion concentration [4].

Our results could motivate more measurements in
samples with controlled layer coverage, which will
further elucidate the role of dipolar interparticle
interactions in nanoparticle assemblies.
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