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We have studied the influence of the applied magnetic field on the blocking temperature (Tg) of a fine
magnetic particle system. By means of a Monte Carlo technique we have simulated zero field cooling
(ZFC) curves under different applied fields, obtaining the respective Ty as a function of H. We have focused

PACS: our study on the limit H — Hy (where Hy is the anisotropy field), since the results found in the literature
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fields H > Hy.

usually lack a detailed study of this range. The simulations were done at different sample concentration
of the nanoparticles, with the purpose of observing how the magnetic dipolar interaction affects the field
dependence of Tg. The classical expression predicts Ty to disappear for H > Hy, independently of the dipo-
lar interaction strength. Our simulations show that at strong interacting conditions Ty exists even for

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Fine magnetic particle systems constitute a research field of
main interest nowadays based on its promising qualities for the
field of biomedicine [1], magnetic recording [2], or magnetocaloric
effect [3]. The interest on these systems lays on the different mag-
netic properties that current materials exhibit at the nanometer
scale [4], which strongly depend on both the intrinsic characteris-
tics of the particles (shape, anisotropy, size) and on external
parameters (applied magnetic field, dipolar interaction). In the lit-
erature it has been widely studied the role played by the magnetic
field [5] and the magnetic dipolar interaction [6], although as sep-
arate influences. We present in this work a numerical approach to
the interplay between the magnetic field and the dipolar interac-
tion on the superparamagnetic properties of a magnetic nanoparti-
cle system. We have focused our study on the behavior of the
blocking temperature (Tg) of the system as a function of both
parameters. By means of a Monte Carlo technique, we simulate
zero field cooling (ZFC) processes under different magnetic field/
sample concentration conditions, and approximated Ty as roughly
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defined as the maximum of the ZFC curves. We observe that large
values of the dipolar interaction allow the existence of the super-
paramagnetic phenomena even for fields larger than the anisot-
ropy field (Hk), where the classical theory for superparamagnetic
nanoparticles predicts Ty to disappear [7].

2. Monte Carlo simulation conditions

The physical model used for the simulations is the same de-
scribed in Ref. [6], a system of single-domain magnetic nanoparti-
cles exhibiting superparamagnetic behavior. It resembles the
experimental situation of a frozen ferrofluid without aggregations
where the positions of the particles are kept fixed. The only ener-
gies considered are the anisotropy (uniaxial), dipolar, and Zeeman,
and the total energy is computed over a whole temperature range
under different physical processes.

The results are presented in reduced units that allow the result
to be generalized. The total magnetization is normalized with the
saturation magnetization (Ms). The simulation is done over
N = 64 particles, and averaged over 500 configurations. The tem-
perature is shown in reduced units of t = kgT/2 KV, where T is the
temperature and kg is the Boltzmann constant. The parameters
varied in our simulation are the sample concentration, ¢, and the
applied magnetic field, H. The sample concentration directly
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accounts for the strength of the dipolar interaction [8], and is de-
fined as the ratio between the volume occupied by the particles
and the volume of the sample. It is treated by means of the reduced
parameter c/co, Where cq = 2I</M§ is a unitless constant that char-
acterizes the material. The magnetic field is introduced by means
of the reduced field h = H/Hy, where Hy = 2K/Ms.

3. Results and discussion

We simulated the ZFC processes for different sample concentra-
tions c/co =0.064, 0.128, 0.192, and 0.256, and the values of the
reduced field vary between 0.05 and 1.20 for each value of
c/co. We have simulated also the non-interacting limit case
c/co=0.000 for the sake of the comparison with the aforemen-
tioned sample concentrations.

The temperature variation ratio was 0.00613 KV/kg every
1000 Monte Carlo steps. In Fig. 1(a) are represented the ZFC
curves for the increasing values of reduced field for the ¢/
Co=0.064 case. It is observed the expected trend for the mag-
netic nanoparticle assembly: the overall increase of the magneti-
zation for increasing values of the reduced applied field, together
with the shift of the maximum of the curves to lower tempera-
tures. We show also in Fig. 1(b) the ZFC curves obtained for the
different interacting conditions under the same applied field. It is
observed the overall shift of the blocking temperature (Tg) to
higher values as the concentration increases, in agreement with
previous works [6].

From the maximum of the curves of Fig. 1(a) we obtain the
blocking temperature as a function of the applied field. Analo-
gously, we obtain this dependence for the different interacting
conditions of Fig. 1(b). The results are shown in Fig. 2.

The overall shape of the curves in Fig. 2 shows that at low fields
the blocking temperature is quite close for the different interacting
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Fig. 1. (a) ZFC curves for increasing fields at c/co = 0.064. The arrow signals the
direction of increasing fields. (b) ZFC for increasing interacting conditions at a fixed
reduced field h = 0.25. The arrows point the corresponding maxima of the curves.
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Fig. 2. Reduced blocking temperatures for different interacting conditions plotted
against the reduced applied field. The dotted line shows the reduced field that
corresponds to the anisotropy field (Hy) of the particles.

conditions, and gradually separates as the field grows. This situa-
tion shows that at low fields the more important energy is the
anisotropy, and that the low Zeeman energy does not affect much
the superparamagnetic behavior. With regards to the influence of
the dipolar interaction energy at these low fields we cannot infer
a clear tendency, since more detailed calculus should be done for
this purpose. Experimental works in 2D systems report negligible
effect of the magnetic field on Ty at low concentrations below mag-
netic percolation [9], and so it remains as an interesting task the
comparison between the 2D and the 3D arrangements. However,
the purpose of this work was not to study this low-field scenario,
but instead the whole-field spectra, and in particular the values
around the anisotropy field of the particles, where for this sake
the calculus show enough precision.

For increasing fields the curves progressively separate. For di-
lute conditions the curves decay rapidly to lower temperatures,
while this tendency is attenuated and shows a plateau-like shape
for increasing concentrations. This behavior is expected, in the
sense that for larger concentrations the dipoles are more tighten
and therefore the same field produces a less noticeable effect. This
is the reason why, though at low sample concentrations tg disap-
pears for fields quite below Hy, for large concentrations tg exists
even for fields larger than Hy. This result contradicts the equation
usually assumed to describe this dependence [7], which describes
Ty as proportional to (1 — H/Hk)'.

4. Conclusions

We have used a Monte Carlo technique to observe how the
magnetic dipolar interaction affects the field dependence of Ty
for a fine magnetic particle system. We observed that for large con-
centrations Ty exists even for H > Hy, and we showed therefore that
the classical expression [7] that predicts Tz to disappear when
H — Hg must be improved.
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