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Abstract The transition from the blocked to the
superparamagnetic regime in non-interacting and
frozen magnetite nanoparticles with diameters of
about 10 nm was studied using the Monte Carlo
method with the Metropolis algorithm. The behavior
of the blocking temperature (7g) was analyzed for
different nanoparticle systems. For ensembles of
homogeneous nanoparticles, Tg showed a linear
dependence on the exchange constant, which is the
main factor that determines Tg. Comparatively, the
dependence of Ty on the magnetocrystalline anisot-
ropy constant was much weaker and nonlinear. It was
observed that Ty decreases with the decreasing
particle size following a finite-size scaling theory.
Systems of nanoparticles with a core/dead-layer
structure exhibited a lower T than the corresponding
homogeneous nanoparticles. It was verified that the
presence of a thin, hard layer on the nanoparticles
surface, where the exchange interaction was
improved, produced a significant increase in the
blocking temperature.
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Introduction

Magnetic nanoparticles have been the subject of a
large number of experimental and theoretical studies
in the recent years, owing to their practical and
potential use in a wide variety of applications, ranging
from biological (Hergt et al. 2006; Neuberger et al.
2005) to technological (Reiss and Hiitten 2005; Nie
et al. 2010). The synthesis of those systems and the
experimental techniques to characterize them have
quickly advanced (Lu et al. 2007). Theoretical
approaches have improved as well, including both
analytical models and numerical simulations (Kodama
1999; Kesserwan et al. 2011; Chen et al. 2004).
Experimental data of magnetic nanoparticle sys-
tems frequently disagree with those of bulk systems.
For example, a magnetic nanoparticle system fre-
quently exhibits saturation magnetization lower than
the corresponding bulk material due to reduced
coordination number of the surface atoms (Batlle
and Labarta 2002; Sato et al. 1987). Also, chemical
coupling agents used to stabilize the nanoparticles
may affect its magnetic properties significantly (Daou
et al. 2008). Our previous experimental work (Arantes
et al. 2011), which inspired the simulations performed
in the present work, gives an example of an unusual
behavior of nanoparticle systems, where we observed
the magnetic irreversibility in magnetite nanoparticles
at room temperature when they were diluted in a
nematic liquid crystal, although no such behavior was
observed when they were diluted in common liquids
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(Arantes et al. 2011). This suggests that nanoparticles
are sensitive to their environment, and in some cases,
this is reflected in the magnetic measurements.

Monte Carlo (MC) simulation is an efficient tool for
the study of properties of magnetic nanoparticles
(Serantes et al. 2010; Yang et al. 2011; Porto 2005).
MC simulations have been used to establish two key
ingredients in explaining the magnetic behavior of
nanoparticles, both of which we explore and built upon
in this work. The first is the effect of the exchange
interaction, whose magnitude determines the magnetic
relaxation and magnetic order (Russ and Bunde 2011;
Leblanc et al. 2010; Mao and Chen 2010). The other
one is the presence of surface disorders and anisotro-
pies (Porto 2002a, b; Serantes et al. 2008), which can
lead to different spin configurations on the surface of
the nanoparticles and magnetic phases (Berger et al.
2008; Iglesias and Labarta 2005; Mejia-Lopez and
Mazo-Zuluaga 2011). Both effects interact in a non-
trivial way, causing the system to fall into either a
blocked or superparamagnetic state as temperature
changes.

In this paper, we present the results of a study on
magnetic properties of a single nanoparticle and
ensembles of particles with diameters of about
10 nm, obtained by MC simulations. The physical
constants used in the simulations correspond to those
of magnetite. This choice is not arbitrary, but moti-
vated by the massive use of this iron oxide in a variety
of experimental studies and technological applica-
tions. The main interest is to analyze the transition
between the blocked state and the superparamagnetic
state of an ensemble of frozen and non-interacting
particles with different surfaces. For this purpose, we

i-th magnetic H
moim m

the particle

nanoparticle

the i-th magnetic moment
Fig. 1 Spherical coordinates used for the description of a

nanoparticle (on the left) and one of the magnetic moments
within the nanoparticle (on the right)
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performed simulations for systems consisting of
homogeneous particles, particles having a core/dead-
layer structure, and particles with surface moments
having a higher exchange parameter than the core, to
study the effects of the exchange interaction between
first-neighbor moments and of the magnetocrystalline
anisotropy on the blocking temperature of the nano-
systems. Our results show that it is possible to
significantly increase the value of the blocking tem-
perature Ty of magnetic nanoparticles by adding a thin
external layer with an enhanced exchange-coupling
between its magnetic moments.

Methods

The basic system studied was an ensemble of frozen
and non-interacting spherical magnetic particles. Each
particle was composed by a set of magnetic moments
which are distributed in a simple cubic lattice. The
number of moments inside the particle was adjusted
according to the desired size. If each moment repre-
sents a unit cell with lattice parameter a = 0.839 nm,
about 900 magnetic moments were required for a
particle of 10 nm of diameter. A typical ensemble
consists of Np = 360 nanoparticles and no consider-
ation was made for their spatial location, since we do
not study interactions between particles. The param-
eter used to characterize the orientation of each
particle in the ensemble was the angle ®f’ between
the easy axis of the nanoparticle and the applied
magnetic field (Fig. 1). The Np values of @ were
uniformly distributed between 0 and 7, and maintained
constant during the simulation because we were
considering frozen particles. The angles (0;, ¢;) set
the orientation of the i-th magnetic moment in the
particle (see Fig. 1).

Simulations were carried out using the MC method
with the Metropolis algorithm (Metropolis and Ulam
1949). The Metropolis algorithm can be described
below (Landau and Binder 2000).

(1) Initialize the magnetic configuration for the
system,

(2) Choose a magnetic moment i,

(3) Calculate the energy change AE which results if
the spin at site i is rotated,

(4) Generate a random number r such that 0 < r
<1,
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(5) If r<exp(—AE/kgT) the new values of (0;, ¢;)
is accepted,

(6) Continue to the next magnetic moment and
return to (3).

One Monte Carlo step (MCS) consists of visiting the
whole system. Using the classical Heisenberg model,
each magnetic moment has an energy given by (Berger
et al. 2008):

E; = —poli; -FI—ZJCOSHij+K1a3 sin® 6; (1)
]

Here, the first term in the equation represents the
Zeeman energy; p; is equal to 4.1 upg and is the
value of the magnetic moment of the magnetite unit
cell with the lattice parameter a. The second and the
third terms are the exchange energy between the i-th
moment and their j first-neighbors, and the uniaxial
magnetocrystalline energy, respectively. The value
of the exchange constant J used in the simulations
was varied between 1 x 10722 and 23 x 10722 J,
which matches the order of magnitude expected for
this parameter (Srivastava et al. 1979; Demortiére
et al. 2011). K, is the magnetocrystalline anisotropy
constant. Although, the most appropriate choice for
the magnetocrystalline anisotropy is cubic, we have
preferred to work with uniaxial anisotropy owing to
the enormous savings in computational time. More-
over, we have carefully compared the blocking
temperatures observed in simulations performed
with both types of anisotropies in the initial tests,
and we concluded that the differences were not
significant. After the thermalization process, 10°
MCS were performed for a given temperature or
applied field. The simulations were mainly focused
on obtaining the blocking temperatures of the
particles with and without a surface dead layer
(SDL) and those having a hard surface layer. For
these cases, it must be understood that by “surface
layer” we refer to the outermost single layer of
moments that surrounds the nanoparticle.

Homogeneous nanoparticles

For a homogeneous nanoparticle, the energies of all
the magnetic moments follow Eq. 1. This implies that
all possible magnetic disorders originate from the
limited number of first neighboring moments on the
surface and the temperature.

Nanoparticles with core/dead-layer structure

In the case of a particle with a SDL, to obtain the
energy of the magnetic moments at the surface, Eq. 1
was modified by removing the magnetocrystalline
energy and making the value of the exchange constant
equal to J':

ESPY — —pofi; - H — ZJ' cos 0;;

! 2
J = {+ AJ' ?
2
where J is the exchange constant of the core and AJ’
is a Gaussian distributed random variable with an
average value (AJ’) = J/2.6 and standard deviation
o = 0.1{AJ’) (these values are such that the difference
between J and the mean value of J' corresponds to
three standard deviations). The lack of magnetocrys-
talline energy and a lower value for the exchange
constant represent a lack of crystallinity on the particle
surface.

Nanoparticles with a core/hard-layer structure

In this case, the energy expression for the i-th moment
at the surface is

ESHL — i - H — ZJ” cos 0i + ZJcos iy
S \4
+ K a’sin’ 0,

(3)
Here, the sum over s (v) is performed on the first
neighbors located in the hard layer (core) and
J'" > J. Tt should be noted that the term “hard layer”
refers to the outermost layer of the particle, where a
higher exchange constant with respect to the core is

considered. All other characteristics of the surface
moments remain unchanged.

Results and discussion

Blocked and superparamagnetic regimes

In this section, we discuss different ways to observe
the transition between the blocked and superparamag-
netic regimes of nanoparticles in the proposed model.

Figure 2a shows the temperature dependence of the
projection of the magnetization vector on the easy axis
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of a single spherical 10-nm homogeneous nanoparti-
cle. The simulation was performed with J = 1072 J,
K]a3 =53 x 1072*J, and a zero magnetic field. As
expected, the magnetization initially decreases mono-
tonically with temperature. However, between 14.9
and 16.4 K, oscillations are observed in magnetization
that are typical to the superparamagnetic regime, and
mainly caused by the random inversion of the resultant
magnetic moment due to thermal activation. These
oscillations are also observed when the magnetization
of a particle is depicted as a function of the MCS, as
shown in Fig. 2b. The magnitude of this oscillation
decreases with a temperature increase, until finally
reaches zero. This behavior is reproduced for different
seeds used in the simulation, and the average result for
100 curves (or 100 different seeds) is shown in Fig. 2c.
Here, we can see that magnetization quickly goes to
zero at the same temperature where the oscillations
start to appear in Fig. 2a. At this temperature
(~14.5 K), which is better determined by the deriv-
ative curve (shown in the inset of Fig. 2c), the
superparamagnetic regime begins, and this tempera-
ture can be defined as the blocking temperature 7y of
an individual nanoparticle.

A characteristic of the collective magnetic behavior
of an ensemble of superparamagnetic particles is the
absence of coercivity (H.). Figure 3 shows hysteresis
loops at different temperatures for an ensemble of
360 particles with angles ®f’ uniformly distributed
between 0 and m, as already described. For these
simulations, the previously mentioned values of K;
and J were used. The coercivity decreases with the
increasing temperature, as shown in the inset graph,
and becomes zero at approximately 16 K. The
temperature at which the coercivity is zero can be
regarded as the blocking temperature of the ensemble.
It is noted that this value approximately corresponds to
the temperature at which the magnetization, shown in
Fig. 2c, becomes zero.

A very common measure used to determine the
blocking temperature of nanoparticles is the analysis
of ZFC and FC curves. In a ZFC measurement, the
sample is initially cooled without an applied field, then
a low-intensity field is applied and the magnetization
of the sample is measured while the temperature is
increased to a final value. This procedure is used
to generate the ZFC curve. However, if the sample
is cooled in the presence of an applied field,
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Fig. 2 Magnetization as a function of temperature for a single
homogeneous spherical 10-nm nanoparticle. In a, the result
corresponding to a unique simulation is shown and ¢ represents
the average for 100 different seeds. b shows the behavior of
the magnetization as a function of the MCS for a single
homogeneous nanoparticle at three different temperatures

magnetization plotted as a function of the decreasing
temperature yields the FC curve. These experimental
curves represent the magnetic response of an ensemble
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Fig. 3 Hysteresis loops at different temperatures for an
ensemble of 360 particles of 10 nm of diameter. In the inset,
the temperature dependence of coercivity is shown

of particles, that may have different sizes and orien-
tations along the magnetic field. The ZFC and FC
curves should be overlapped with each other if the
particles are in the superparamagnetic regime, because
in this regime, the influence of a magnetic field is
negligible as compared to the thermal energy. How-
ever, in the blocked regime, the situation is different
since the thermomagnetic history of the sample is
different for each curve. The irreversibility exhibited
by the sample in the blocked regime is manifested by
differences observed in the ZFC and FC curves. Then,
the blocking temperature is defined at the point where
the ZFC and FC curves begin to separate from each
other.

Figure 4 shows the simulated ZFC-FC curves
obtained from an ensemble formed by 360 spherical
10 nm particles with easy axis oriented between 0 and
n under the action of a ypH = 0.06 T magnetic field.
In the simulation, the magnetization in the field
direction observed in the ZFC curve starts from zero
until the particles gain sufficient thermal energy to
overcome the anisotropy energy, and thus to align the
magnetic moment along the field. This initial plateau
in the ZFC curve, considerably similar to that obtained
by Yang et al. 2011, is caused by the symmetric
distribution of angles @iH in the ensemble of particles,
as well as the absence of crystal defects in this
idealized system. In the initial part of the ZFC curve,
half of the particles have positive magnetization
projections along the field, while the other half have
the negative projections, which leads to zero magne-
tization. The magnetization reversal of those particles
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Fig. 4 ZFC-FC curves of an ensemble of 360 particles in an
external magnetic field uoH = 0.06T. The simulation was
performed with J = 1072* J, K1a® = 5.3 x 107%*]

with opposite magnetization to the applied field occurs
rather abruptly, after the thermal energy exceeds a
certain threshold. In a real system, on the other hand,
the existence of a size distribution (and structural
defects) makes this transition smoother, so that the
plateau is actually not observed.

Generally, the blocking temperature coincides with
the maximum of the ZFC curve, although experimen-
tal conditions, such as size distribution and sources of
anisotropy, other than magnetocrystalline, can modify
this feature somehow. In any case, the maximum of the
ZFC curve is selected as an indication of regime
change from the blocked to the superparamagnetic
because at the maximum of the ZFC curve, the thermal
and magnetocrystalline energies are balanced. From
the simulation of ZFC-FC curves, the obtained
blocking temperature is 15.5 K, very close to the
value obtained from the hysteresis loops.

The three-dimensional plot in Fig. 5 shows the
spins configuration of the particle characterized by
©f = 0 in the ensemble at T = 16 K, on the ZFC
curve, and T = 0.5 K, on the FC curve. At 16 K, just
above the blocking temperature of this ensemble, we
can see that the magnetic moments do not present a
significant alignment in the direction of the applied
field (the large cone) or any direction. However, at
0.5 K, the magnetic moment of the particle is almost
completely aligned along the applied magnetic field.

Considering that the magnetization reversal is a
thermally activated process between two energy
minima, a relationship between the blocking temper-
ature and the magnetocrystalline and Zeeman energies
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Fig. 5 Comparison between the spins configuration of a 10-nm
particle at 7 = 16 K on the ZFC curve and T = 0.5 K on the FC
curve, with J = 10722 J, K1a3 =53 x 1072* J. The large cone
represents the direction of the applied field. On the right side, the
configuration of spins in the central plane (parallel to the field)
of the particle is shown in detail

of the particle is expected. Usually, by using the
Stoner—Wohlfarth (SW) model and considering the
energy balance, it is possible to obtain a relation of the
form (Bertotti 1998)

2
Ty = KV 1— HoMsH (4)
O(kB 2K1

Here, o is a numerical constant related to the
experimental time of the measurement, V and Mg are
the volume and the saturation magnetization of the
particle, and kg is the Boltzmann constant. An estimate
of Ty for magnetite particles of 10 nm in diameter at
zero field, using Eq. 4 (with o = 25, as usual) results
in 18 K, a value close to that obtained in our
simulations.

As seen in Fig. 6, in our simulations, the value of Tg
decreases almost linearly with an increase in pioH up to
1.0 T. Then, there is a more abrupt reduction followed
by a slow decrease, until the field is sufficiently strong
to overcome the energy barrier. The behavior showed
by Tg(H) in our simulation is nearly similar to that
reported by Serantes et al. 2008 for MC simulations
of a fine magnetic particle system with different
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Fig. 6 Ty for an ensemble of 360 particles with different
applied magnetic fields. The simulations were performed with
J=10"2],K;a’ =53 x 107%*]

concentrations. Then, the behavior of T with the field
intensity observed in the present work is more
complex than that expected from Eq. 4. For this
reason, it is common to estimate the blocking
temperature from the ZFC-FC curves as the value of
Tg(H) extrapolated to a zero field. In our case, this
yields the result of 16 K.

Effects of the exchange energy,
magnetocrystalline anisotropy, and particle size
on the blocking temperature

In the previous results, we considered particles with
an exchange constant J = 1072 J and K,V = 5.3 x
10724 7. However, as the value of the exchange
constant was an approximation, we could change it
and check its effect on the results. Figure 7a shows Tg,
which is extracted from the ZFC-FC curves, as a
function of J with J ranging from 1.0 x 107** to
2.3 x 107" I. The graph shows a linear dependence
of the blocking temperature on the exchange constant,
with an angular coefficient equal to 1.499(8) x
10% kJ ™! and a linear coefficient equalto 3 + 1) K,
which is very close to zero. It is well known that the
Curie temperature T has a linear dependence on the
exchange constant (Kittel 1995):

2z8(S+1)
3kg
The results of our simulations also show a linear
behavior of T with respect to J, which, in turn, suggests
proportionality between the Curie temperature and the

Tc = J (5)
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Fig. 7 Dependence of the blocking temperature on a the
exchange constant J, and b the anisotropy constant K;. The
simulations were performed for an ensemble of 360 particles

blocking temperature of our system. It is reasonable to
expect that 7c and Ty are proportional, whereby an
increase in J leads to an increase in 7¢ as well as an
increase in Tg. The proportionality between Tp and
J was also obtained by Leblanc et al. 2010 through MC
simulations of weakly interacting magnetic grains
composed of Ising spins, mainly for a small grain size.

Our simulations show a nonlinear dependence of 7y
on K; at small values of H (Fig. 7b). At first glance,
this may seem contradictory to the expected results
according to Eq. 4. However, that equation corre-
sponds to the S—-W model, where the magnetization
reversal of the particle occurs by coherent rotation and
the energy barrier to be overcome is K;V, involving
the entire volume of the particle (V). In our simulation,
on the other hand, each spin in the particle can change
its direction if it overcomes the energy barrier K a°,

where @’ is the volume of a unit cell. This crucial

difference causes the dependence of 7Tg on K, to be
much weaker than that of the S—W model.

Thus, it is observed that a variation within three
orders of magnitude in the value of K; (see inset in
Fig. 7b) produces an increase of ~30 % in the Ty
value. Similar results were obtained by Leite and
Figueiredo (2006). These results show that the effect of
the magnetocrystalline anisotropy energy on Ty is
relatively less important than the exchange interaction.

In our model, as well as in an actual magnetic
system, the Curie temperature (and consequently, T,
assuming the aforementioned proportionality between
the both quantities) increases with the increase in
particle size up to a constant value that is dependent on
the system. In small-particle systems, the surface
effects may be significant and decrease the Ty values.
In Fig. 8, the open circles denote Ty values, plotted as
a function of the particle size obtained from simula-
tions. The finite-size scaling theory predicts a behavior
of the critical temperature with the correlation length
characterized by the critical exponent v (Landau 1976;
Stanley 1999). Consequently, the curve of T versus
the particle diameter D can be fitted by using the
scaling law (Iglesias and Labarta 2001):

Ts(D) = T§°[1 _ (D/DO)”/”] (6)

o Monte Carlo simulation

— Scaling law

0 2 4 6 8 10 12 14 16 18 20
D (nm)

Fig. 8 Dependence of the blocking temperature on the
diameter of the particles. The open circles indicate the values
obtained from the simulations which were performed with
J=10"2%J, K;@> = 5.3 x 1072* J. The solid line is the fit of
the data with the results of Eq. 6
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The solid line in Fig. 8 represents the best fit of the
results from Eq. 6 to the data. The parameters obtained
are Tg = (16.8 £ 0.1) K, Dy = (1.71 £ 0.01) nm,
and v = (0.77 & 0.03). The D, value is very close to
twice the value of the lattice parameter, which
indicates a reasonable limit between a “particle” and
a cluster of spins. The value of the critical exponent v
is consistent, within twice the statistical error, with the
results of the MC studies of three-dimensional clas-
sical Heisenberg spins models (Peczak et al. 1991;
Chen et al. 1993) and experimental determinations in
Heisenberg ferromagnets, such as EuO and EuS (Als-
Nielsen et al. 1971).

Influence of the particle surface on the blocking
temperature

A nanoparticle surface can have a significant effect on
its magnetization, since the number of surface mag-
netic moments is large and these moments completely
surround the particle. Herein, we show how two
different types of surfaces can significantly influence
the blocking temperature. For a nanoparticle with a
core/dead-layer structure, we can expect that the
blocking temperature decreases as the magnetic
ordering on the surface decreases. A corresponding
dead layer can be formed due to the low crystallinity of
the particle or the reduced coordination number of the
surface moments. Conversely, if the surface moments
have an enhanced magnetic order, the 7y value may
increase. This possibility has not been sufficiently
explored with different methods to functionalize
nanoparticles (see, for example, the comprehensive
review by Lu et al. 2007). However, nanoparticles
diluted in a matrix with different magnetic ordering
showed a dramatic increases in the blocking temper-
ature, as showed by Skumryev and co-workers for
small (~4 nm) nanoparticles of Co embedded in an
antiferromagnetic matrix of CoO (Skumryev et al.
2003). Results in the same direction can be seen in the
article of Leostean et al. 2011 for Fe nanoparticles
surrounded by a thin layer of amorphous FeO and
coated by Au. It is observed that when the relative FeO
molar fraction increases from 27 to 31 %, approxi-
mately, the blocking temperature of the nanoparticles
increases from 60 to 75 K.

In Fig. 9, we show ZFC-FC curves for ensembles
of 360 particles for four types of nanoparticle systems
(in all cases J = 1.0 x 1072' J was used for the
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Fig. 9 ZFC-FC curves for an ensemble of 360 particles in an
external magnetic field upH = 0.06 T. a shows the behavior of
an assembly of homogeneous nanoparticles, and other consti-
tuted by particles with core/dead-layer structure. In b, the
magnetic behaviors of two assemblies of nanoparticles with
different hard layers are compared

“core”): homogeneous nanoparticles, nanoparticles
with a core/dead-layer structure (see Eq. 2), and
nanoparticles with a core/hard-layer structure (see
Eq. 3) having two different values of J” (/' = 2 J and
J' =4 1J). For a system composed of nanoparticles
with dead layers, the blocking temperature (147 K) is,
as expected, slightly lower than the value 155 K,
which corresponds to the system of homogeneous
nanoparticles (Fig. 9a).

It is also observed that the magnetization attained at
0.5 K in the FC curve is lower for the ensemble of
particles with dead layers (see inset in Fig. 9a). On the
other hand, our results for assemblies of particles with
anonhomogeneous core/hard layer (Fig. 9b) showed a
strong influence of the hard layer on the blocking
temperature. For example, Ty increases from 155 to
320 K forJ” = 4 J.Itcanbe seen in Fig. 9 that, at low
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Fig. 10 Dependence on the temperature of the average total,
surface, and core magnetizations. The simulation was per-
formed with J = 1072% J, K1a3 =53 x 107%* Jin an external
magnetic field upH = 0.06 T

temperatures, the magnetization of the system simu-
lated with J” = 4 J is weaker than that of the system
consisting of homogeneous nanoparticles. This hap-
pens because the exchange energy per moment in that
case have magnitude of the order of 107! J, while the
Zeeman energy is of the order of 107>*J, so the
magnetic moments can stay in a thermally stable
configuration that is not fully aligned within the low
applied field.

This significant increase of 77 is certainly due to the
moments of the surface that remain ordered in
relatively higher temperature and cause hardening of
the entire particle. We must note here that the
simulation was limited to placing a monolayer with
an increased J, implying that it is sufficient to surround
the nanoparticle with a very thin layer of a suitable
material to modify its magnetic behavior. This effect
can be clearly observed in Fig. 10 where we depict the
magnetization curves of the surface and the core for an
ensemble of particles with a hard layer (J”' = 4 J). We
can see in Fig. 10 that the magnetization contributed
by the surface moments exhibits a more “rigid”
behavior, and it decreases smoothly as temperature
increases up to 32 K. On the other hand, the magne-
tization of the core shows two regimes. The first one,
dominant up to about 18 K, is similar to that of an
assembly of homogeneous particles. In the other
regime the hard layer is dominant, and its effect is to
keep the cores aligned against thermal fluctuations,
consequently increasing the blocking temperature.

Conclusion

A systematic study of the behavior of the blocking
temperature for different nanoparticle systems has
been done through the MC method. Our study showed
that Tp increases linearly with the exchange constant,
and that their dependence on the magnetocrystalline
anisotropy constant is much weaker and nonlinear.
Systems of nanoparticles structured with a core and a
dead-layer showed blocking temperatures smaller than
those corresponding to homogeneous nanoparticles.
Conversely, the presence of a thin surface hard layer in
the nanoparticles, characterized by an enhanced
exchange interaction, produced a substantial increase
in the blocking temperature. This surprising result,
which provides a microscopic mechanism to recent
experimental observations, suggests that it is possible
to beat the superparamagnetic limit functionalizing
nanoparticles with a thin outer layer with enhanced
exchange interaction. We hope that this result encour-
ages new experiments in the study heterogeneous
magnetic nanoparticles.
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