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We present results of Monte Carlo and stochastic spin dynamics simulations of a magnetic nanoparticle model
system based on experimentally produced samples. Thermodynamic investigations as well as spin dynamics studies
show characteristic features, both resembling magnetic dipole glass behaviour. While spin dynamics studies at
T = 0 yield a multitude of low energy configurations, thermodynamic simulations show a clear transition between
a paramagnetic and a frozen magnetic state. Moreover, we demonstrate the application of experimentally inspired
demagnetization protocols to compute low energy configurations of the systems under consideration efficiently.
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1. Introduction

By dispersing magnetic nanoparticles in conductive
gel-like matrices, magnetoresistive sensors with promis-
ing features can be developed. It has been shown [1]
that in systems of commercially available cobalt nanopar-
ticles and novel silica [2] or agarose gels, giant magne-
toresistance effect amplitudes of more than 60% can be
observed in transport measurements, yielding enhanced
sensor sensitivity. The use of this technique opens up
a wide field for applications because of the mechanical
flexibility of gels compared to conventionally prepared
sensor setups and reduced production costs.

In this paper we show that theoretical investigations
of these magnetic nanoparticle ensembles reveal sophisti-
cated magnetic behaviour as a result of dipolar coupling
between the nanoparticles and spatial disorder reminis-
cent of magnetic dipole glass behaviour. We first present
results from our stochastic spin dynamics simulations at
T = 0 K that reveal a multitude of low energy config-
urations instead of a unique ground state. These low
energy configurations can be obtained very efficiently
by simulating experimentally inspired demagnetization
protocols for artificial spin ice systems [3]. Furthermore,
we show results of our Monte Carlo simulations that re-
veal a transition temperature of the temperature depen-
dent susceptibility separating between a low temperature
frozen magnetic state and a high temperature paramag-
netic state.
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2. Model structure and simulation methods

For our investigations we have used a model sys-
tem that resembles a nanoparticle arrangement which
is typical for experimentally produced structures. This
model system, named AH41, consists of 200 monodis-
perse cobalt nanoparticles with equal diameters of 20 nm,
distributed on a substrate with a size of 350 nm x 350 nm
as shown in Fig. 1. In our model calculations we assign
to each nanoparticle a constant effective magnetic mo-
ment of peg = 641371.18 [up], according to the follow-
ing equation, with Mg,, the saturation magnetization in
J T7! m~3, up, the Bohr magneton in J T~! and d,
the particle’s diameter in m:
Z\4saut7'rd3 (1)

6up '

Furthermore, due to the large distances between the par-
ticles we only take dipole—dipole interactions among par-
ticles into account. We have used a standard Monte Carlo
Metropolis algorithm in order to investigate the thermo-
dynamic properties [4]. Starting from random initial con-
dition we have performed 5 x 107 discarded Monte Carlo
steps (MCS) in order to relax the system. After that
we have performed 5 x 10* MCS for producing thermal
averages. In every MCS, the orientation of each mag-
netic moment is randomly changed. The total energies
of the configurations before and after each change are
compared. According to a certain probability the new
configuration is accepted or rejected. For a detailed de-
scription of the algorithm see [4].

In order to study the spin dynamics of our model
system we have used a stochastic spin dynamics algo-
rithm based on a Langevin-approach where the heat bath

Heff =

(374)
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Fig. 1. Sample structure AH41 consisting of 200 cobalt \?\-Q\VE:\Q.:‘:‘—‘_ . \;&}&l:,‘ ,{ ity
particles. PSRN SRS

contact is modelled by the competition of frictional and

fluctuational fields [4]. Fig. 3. Low energy configurations of AH41, computed
. via an experimentally inspired demagnetization process
3. Properties at T'=0 K at T = 0 K. The coloring of the arrows indicates the in-
Using our stochastic spin dynamics method we have plane component O.f the magnetic moment. Tl}ée re-
first performed simple relaxation simulations at T'= 0 K Sglmi% ;gg;ll enelrglelss a{? (a) :g;%gg% X 11 8’16 eVd,
starting from random initial configurations. This proce- Ed; —3.83900 ><X10‘16 e\e/. » (©) =3 X o
dure is commonly used in order to find the ground state
of a classical spin system. However, instead of a single
ground state, we have found a multitude of low energy
configurations which are apparently separated by energy
barriers that cannot be overcome by the simple relaxation
procedure. The differences of the total energies of these
configurations lie within about 2% however the spin ori-
entations are completely different as shown in Fig. 2.

that just cannot be found by a simple relaxation pro-
cedure. Experimentally, demagnetization protocols have
been used to drive magnetic ensembles into a low energy
state. As reported in [3], such demagnetization routines
have also been successfully applied numerically to search
for lowest energy configurations of artificial spin ice sys-
tems. As a consequence of that, we have modified our re-
laxation algorithm by a demagnetization protocol which
uses sinusoidally varying rotating and damped magnetic
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Fig. 2. Examples of low energy configurations of AH41 the implemented demagnetization protocol, these strong

as obtained by stochastic spin dynamics simulations. couplings could partially be shifted to lower the total en-

Starting from random initial conditions the system is ergy due to the agitation of the oscillating component

relaxed by setting 7' = 0 K. The coloring of the arrows
represents the in-plane component of the magnetic mo-
ment. The resulting total energies are (a) —3.78467 x

of the applied magnetic field. As a result, low energy
configurations of magnetic nanoparticle ensembles can be

10716 6V, (b) —3.75635 x 10~ oV, (c) —3.79583 x computed more efficiently using the above described de-
10716 eV and (d) —3.72457 x 1076 eV, magnetization protocol.
While the preceding simulations show that numer- 4. Thermodynamic properties

ous low energy configurations exist, it is not yet clear We have performed Monte Carlo simulations in or-

whether configurations of even lower total energy exist der to investigate the temperature dependent magnetic
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susceptibility. For the sake of simplicity and for reducing
computation time to a reasonable time span of approx-
imately 2 h, we only used one section of the structure
AHA41 measuring 50 nm x 50 nm. The results are shown
in Fig. 4.
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Fig. 4. Plot of the temperature-dependent magnetic
susceptibility x of one section of AH41 showing the tran-
sition between a frozen magnetic and a paramagnetic
behavior at Ty = 1650 K. Furthermore, it is observable
that within the frozen regime simulation times are way
too small to establish ergodic behavior [5].
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Fig. 5. Linear fit of the inverse susceptibility above the
transition temperature clearly showing the paramag-
netic regime above about 1650 K. The linear fit between
the freezing temperature 7y = 1650 K and 10000 K re-
sults in a y-intercept of 1.00336 x 10~° with a standard
error of 1.82401 x 107°.

It is clearly visible that the statistical quality of the ob-
tained data is changing dramatically at about Ty =
1650 K. Below Ty the Monte Carlo algorithm produces
data of very poor statistical quality. Above T the quality
is acceptable. The zero field susceptibility exhibits two
local maxima within the temperature range. The sec-
ond maximum at 7y = 1650 K indicates the tran-
sition temperature between the frozen magnetic state
and the paramagnetic state of the system. Above T
the system’s frozen state disappears because thermal

fluctuations dominate over the dipolar interactions.
In this region one expects Curie’s law for independent
paramagnets to be valid. In fact, we show in Fig. 5
that the inverse susceptibility Ty shows strictly linear
behaviour down to Ty and goes right through the origin.
The reason for the poor statistics at low temperatures
can be attributed to a dramatic increase in the relaxation
times below Ty which is typical for spin glass systems [5].
Here, our simulation times turn out to be way too small
to establish ergodic behaviour.

5. Conclusions

We have shown that a model system that resembles
a nanoparticle arrangement which is typical for exper-
imentally produced structures shows dipolar glass be-
haviour. By stochastic spin dynamics simulations we
have found that a unique ground state cannot be identi-
fied, instead a multitude of low energy spin configurations
exists of nearly the same energy. These spin configura-
tions can be computed very efficiently by applying an
experimentally inspired demagnetization protocol. In ad-
dition to that, the analogy to magnetic dipole glasses has
been investigated by thermodynamic simulations. Here,
we found a transition temperature in the temperature
dependent susceptibility which is a distinctive feature
of magnetic dipole glasses. Our simulations show para-
magnetic behaviour above the transition temperature
and freezing of the magnetic moments below the transi-
tion temperature. Future work includes the improvement
of the demagnetization protocol by investigating different
profiles. Furthermore, we will expand our spin dynam-
ics simulation method by molecular dynamics methods
in order to include the structuring process of magnetic
nanoparticles in a surrounding medium due to interpar-
ticular interactions and interactions with external fields.

Acknowledgments

This work is supported by the Ministry of Innovation,
Science, Research and Technology of the State of North
Rhine-Westphalia (MIWFT) as part of the research co-
operation “MoRitS — Model-Based Realization of In-
telligent Systems in Nano- and Biotechnologies” (grant
no. 321-8.03.04.03-2012/02).

References

[1] J. Meyer, T. Rempel, M. Schifers, F. Wittbracht,
C. Miiller, A.V. Patel, A. Hiitten, Smart Mater.
Struct. 22, 025032 (2013).

[2] C. Miiller, K. Kraushaar, A. Doebbe, J.H. Mussgnug,
O. Kruse, E. Kroke, A.V. Patel, Chem. Commun.
49, 10163 (2013).

[3] Z. Boudrikis, J.P. Morgan, J. Akerman, A. Stein,
P. Politi, S. Langridge, C.H. Marrows, P.L. Stamps,
Phys. Rev. Lett. 109, 037203 (2012).

[4] L. Engelhardt, C. Schroder, in: Molecular Cluster
Magnets, Ed. R.E.P. Winpenny, World Sci., Singa-
pore 2011.

[5] K. Binder, A.P. Young,
(1986).

Rev. Mod. Phys. 58, 801


http://dx.doi.org/10.1088/0964-1726/22/2/025032
http://dx.doi.org/10.1088/0964-1726/22/2/025032
http://dx.doi.org/10.1039/C3CC45023F
http://dx.doi.org/10.1039/C3CC45023F
http://dx.doi.org/10.1103/PhysRevLett.109.037203
http://dx.doi.org/10.1103/RevModPhys.58.801
http://dx.doi.org/10.1103/RevModPhys.58.801

