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Analysis of the magnetic properties of core-shell iron oxide nanoparticles
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We report on the magnetization of core-shells nanoparticles. Magnetic nanoparticles (MNPs) with a core of magnetite of 13 nm diameter
covered with a shell of dopamine (1.1 nm thickness) are studied through vibrating sample magnetometer (VSM), Monte Carlo (MC) computer
simulations, and using an analytical model. All parameters involved in the theoretical analysis are experimentally determined, namely,
the magnetic moment, temperature, magnetic field, core diameter, shell thickness, magnetic anisotropy, and particle concentration. The
dependence of the magnetization with the magnetic field obtained through VSM and MC shows a 1% discrepancy in the magnetic saturation
and up to 40% in the initial magnetic susceptibility. However, the dependence of the magnetization with the temperature obtained by
MC indicates that the MNPs obey the Curie law above a critical temperature of 100 K. Furthermore, our findings indicate that the dipolar
interactions play an important role on the magnetization in the interval20 < T < 100 K. That critical temperature domain is very close to
the blocking temperature measured following the zero-field-cooled and zero-cooled protocols, where the dipolar interactions between MNPs
become significant. Further analysis shows a Langevin-like behavior for both experimental and theoretical magnetizations.
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1. Introduction

The development of new magnetic nanomaterials has gained
much importance due to their novel applications in sev-
eral disciplines, mainly those related to biomedical applica-
tions [1].

Currently, iron oxide magnetic nanoparticles (MNPs)
of magnetite are manufactured following various chemical
methods [2,3], obtaining beads with spherical shape and
core-shell structures, which have high magnetic saturation,
low hysteresis, and good biocompatibility with cell cultures
[1,4]. The theoretical modeling of the MNPs allows us to
study the magnetic behavior of these nanomaterials under
different thermodynamic conditions, also to quantify the in-
teraction between nanoparticles to determine the magnetic
anisotropic effects involved [5].

The ferrimagnetic behavior of magnetite and a lot of fer-
rites was widely explained by Louis Néel during the 20th cen-
tury. In magnetite, this response is caused by the tetrahedral
and octahedral overlapped sublattices of the ions Fe3+ and
Fe2+/Fe3+, which are located in the interstitial places of the
crystalline structure FCC formed by the oxygen atoms, where
the antiparallel orientation of the magnetic moments are ar-
ranged as an “antiferromagnetic imperfect ordering [6]”. The
antiferromagnetic and ferrimagnetic orderings depend on the
temperature T and both disappear above a critical temper-
atureTN or TC (called Ńeel or Curie temperature, respec-
tively), reaching a paramagnetic behavior [6,7].

Monte Carlo (MC) computer simulations are a useful al-
ternative to complement the analysis of the magnetic proper-
ties of the MNPs; several works have modeled the magnetiza-
tion M of antiferromagnetic systems based on iron oxides (or
magnetic systems in general) employing the Ising model [8-
10]. Other works have used MC computer simulations with
similar purposes, but using an oversimplified model, which
considers a fluid of magnetic hard spheres (MHS) or discs,
which are influenced by a magnetic field of magnitude H
[11,12].

The main aim of this work is to study both experimen-
tally and theoretically the magnetization (M ) behavior of
magnetic core-shell spheres (CSS), with a particular inter-
est in CSS of magnetite coated with dopamine. This type
of nanoparticles has been probed successfullyin vitro andin
vivo experiments of magnetic hyperthermia. The molecular
approach here considered to carry out MC computer simula-
tions is explicitly built with the measured parameters of the
CSS, such as the diameter of the magnetic core, thickness of
the coating, magnetic moment, concentration of MNPs, mag-
netic field, anisotropy constant, and temperature. Later, the
computed magnetization dependencesM vsH andM vsT
are analyzed and compared with those obtained using a vi-
brating sample magnetometer (VSM).

Thus, by combining MC computer simulations and an-
alytical approximations for the magnetization, using some
physical parameters about the composition and magnetic mo-
ment of the CSS, it is possible to reach a better understanding
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of their magnetic properties in a wide interval of tempera-
tures. Our main hypothesis is that the main mechanisms of
magnetization can be accounted for by considering explicitly
the excluded volume interaction, the dipole-dipole interac-
tion between the coated nanoparticles, the external magnetic
field, and the anisotropic magnetic contribution.

2. Theoretical background

2.1. Potential model

To carry out the computer simulations of the magnetic CSS,
we consider a simplified fluid composed ofN spheres of di-
ameterσ (magnetic hard-spheres; MHS) of volumeVi within
a volumeV at a temperatureT . The MHS can be oriented by
an external magnetic fieldB following the Zeeman energy
law, since each sphere has an intrinsic dipolar momentµi.
Therefore, dipole-dipole interactions between MHS should
be taken into account. Additionally, the uniaxial anisotropy
energy of the CSS is explicitly considered by introducing its
magnetic anisotropy constantki and the orientation of the
anisotropy along thêki-axis, i.e., the axis of magnetization,
associated with the magnetic moment~µi = MSVim̂i. The
coordinate system and all the vectors involved are depicted
in Fig. 1, wherem̂ andĥi are unitary vectors oriented in the
directions of the magnetic moment of the particles and the
external magnetic fieldH, respectively.

The Hamiltonian of the dipolar fluid is given by,

FIGURE 1. The coordinate system and all the vectors and angles
with the origin in the geometric center of a CSS.

H = K + Vhs − µ0

4π

∑

i

[
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|rij |3

]
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i

µi ·B −
∑

i

kVi

[
k̂i · m̂i

]2

, (1)

whereK is the kinetic energy andVhs represents the typical
hard-sphere repulsive interaction at short distances [13].

2.2. Monte Carlo computer simulations

The Monte Carlo computer simulations are carried out in the
canonical ensemble withN = 512 particles using the stan-
dard Metropolis criterion [11] with an acceptance ratio of
30%. 106 MC steps are used for equilibration and another
106 MC steps to gather statistics; each MC consists of either
a displacement or a rotation. In the simulations, the values
of B are modified to sweep a set of intensities simulating the
operation of a VSM [11,13]. A similar procedure is followed
to compute the dependenceM vsT ; B = µ0H is fixed and a
sweep of temperatures is programmed; at each temperature,
equilibration is reached. Magnetization is computed accord-
ing to the following Eq. (2), where< . . . > denotes an en-
semble average.

〈 ~M〉 =
N∑

l1

~µi

V
. (2)

2.3. Analytical approximation

The magnitude of the magnetization of paramagnetic and su-
perparamagnetic MHS with anisotropy energy negligible is
well described by the Langevin expression (Eq. (3)), with kB
being the Boltzmann constant.

M = Ms

(
coth

[
µ0µH

kBT

]
− kBT

µ0µH

)
. (3)

Nevertheless, when the anisotropy energy and dipolar
contributions of the MHS become significant, the expres-
sion for M must be modified. Initially, the dipolar in-
teractions can be expressed in terms of a coupling factor
λ = µ0M

2
s V 2

i /4πd3 [14,15] and the dipolar field~Hdip
i ,

which is produced by the particles surrounding the ith par-
ticle, through Eq. (4).

~Hdip
i =

∑

i 6=j

(
3r̂ij(m̂j · r̂ij)− m̂j

|rij |3
)

. (4)

Then, the potential energyU weighted with the thermal
energy is rewritten as Eq. (5).

U

kBT
= −

∑

i

m̂i ·
(

µ0MsVi
~Hext

kBT
+

κiVi

kBT
k̂i

[
k̂i · m̂i

])

− λβ

∑

i

m̂i · Ĥdip
i . (5)
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In Eq. (5), the free (Efree) and dipolar coupling (Edip)
energy densities are separated as follows in Eq. (6), with
ξi = µ0MsViHext/kBT andαi = κiVi/kBT .

U

kBT
= −

∑

i

m̂i ·
(
ξiĥ + αik̂i[k̂i · m̂i]

)

− λB

∑

i

m̂i · ~Hdip
i = Efree + Edip. (6)

The component of the magnetization aligned withH can
be calculated as the expectation value〈M〉 =

∫
dΩMP ,

where the Boltzmann probability distributionP can be ex-
panded (considering weak dipolar interactions) in powers of
λβ = λ/kBT asP = Pfree(1+λβF (m̂i)), whereF (m̂i) is a
functional ofm̂i. As proposed by Kachkachiet al. [16], this
allows us to obtain an analytical representation forM in the
particular case of a system of interacting particles in the lim-
its of low and high values ofH in terms of the free-particle
magnetization,〈M〉free, and its derivatives∂/∂ξ〈M〉free, as
is expressed in Eq. (7), withAki = |3(ĥ · r̂ki)2 − I|/|rij |3
being the matrix coefficients and the identity matrix I.

〈M〉dip = 〈M〉free + λβ

N∑

k=1

〈M〉freeAki
∂

∂ξ
〈M〉free. (7)

For the calculation of〈M〉free, it is suitable to takeVi =
Vmeanas the mean volume of the particle size distribution and
alsoκi = κmeancorresponds to the mean uniaxial anisotropic
constant, allowing the determination of〈M〉free as the aver-
age of the monodisperse ensemble magnetization〈M〉mono

free
over the particle size distributionf(σi) given by Eq. (8).

〈M〉free =
∫

f(σ)〈M〉mono
free dσ. (8)

In the same way, the partition function of a monodisperse
system within the canonical ensemble can be calculated in
spherical coordinates as

Zfree =

2π∫

0

π∫

0

eα cos2 θ+ξ cos ω sin θdθdϕ.

As shown by several authors [17-19],Zfree can be ex-
pressed as a single integral (see Eq. (9a) below) in terms
of the modified Bessel function of zero-orderI0 for exact nu-
meric calculations, or as a series expansion of Eq. (9b).

Zfree =

π/2∫

0

eα cos2 θ cosh(ξ cos θ cosψ)

× I0(ξ sin θ sin ψ) sin θdθ, (9a)

Zfree =
∞∑

n=0

∞∑
n=0

(n + k)!
n!(k!)

( −2α

ξ cos ψ

)n (
ψ sin2 ψ

cosψ

)k

×
√

π

2ξ cos ψ
In+k+(1/2)(ξ cos ψ). (9b)

Analyzing the limits of low and high amplitudes of H, it
is possible to compute the reduced magnetization of the free
particles (corresponding tof(σi) = 1) obtaining Eq. 9(c).

〈M〉mono
free

Ms
=

1
Zfree

∂Zfree

∂ξ
. (9c)

Expanding Eq. (9b) for low and high amplitudes ofH,
and calculating Eq. (9c) up to second-order in the reduced
anisotropyα, and considerinĝki randomly distributed, one
obtains, respectively, the special cases [16-18] for the low
field limit given by Eqs. 10(a) and (b), and Eq. (11) for the
high field limit.

〈M〉mono
free = Ms

(
ξ

3
−

[
1 +

2(2α)2

225

]
ξ3

45

)
;

for 2σ < ξ up to ε(α3). (10a)

〈M〉mono
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3
−
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)
;
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([
ξ

2α

]3
)

. (10b)

〈M〉mono
free = Ms

(
1− 1

ξ
− 1

15

[
2α

ξ

])2

. (11)

With these approximations for〈M〉mono
free , the polydisperse

magnetization〈M〉free can be numerically estimated using
Eq. (8), which is used to estimate the total magnetization in-
cluding dipolar interactions〈M〉dip according to Eq. (7). The
theoretical procedure derived above allows us the progressive
description ofM in a magnetic fluid, starting with a monodis-
perse distribution of noninteracting particles, and ending with
a more realistic ensemble with size polydispersity and weak
dipolar interactions.

2.4. Layer thickness

The thickness∆ of the coating material joined to a spheri-
cal nanoparticle (called core) can be estimated by using the
known mass ratio of the core and core-shell (mC/mCS),
the diameter of coreσC , plus the densities of the coreρC

and shellρS , respectively. This is explained starting with
Eq. (12), using the volume ratio of the core and core-shell
(VC/VCS), and including the density of the resultant core-
shell sphereρCS .

VC

VCS
=

mC

mCS

1
ρC

ρCS . (12)

Furthermore, the densityρCS is related toρC andρS as
is described in Eq. (13).

ρCS =
mCS

VCS
=

mCS
mC

ρC
+ mS

ρS

=
mCSρCρS

mCρS + mSρC
. (13)
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When Eqs. (12) and (13) are combined, it is found an
expression containing the mass fractions of the core (ηC =
mC/mCS) and shell (ηS = mS/mCS), which can be de-
termined through thermogravimetric measurements, given by
Eq. (14).

VC

VCS
= ηC

ρS

ηCρS + ηSρC
. (14)

Assuming the spherical shape of the core and core-shell,
Eq. (14) can then be reordered and extended including the
diameters of both spheres as Eq. (15).

4π
3

(σC+2∆)3

8

4π
3

(σC)3

8

=
(

ηC
ρS

ηCρS + ηSρC

)−1

. (15)

Thus, ∆ takes the following mathematical form of
Eq. (16).

∆ =
σC

2

([
ηCρS

ηCρS + ηSρC

]−1/3

− 1

)
. (16)

3. Material and methods

To carry out a comparative analysis between the magneti-
zation obtained experimentally and the one computed via
MC computer simulations, the CSS are initially character-
ized to determine the parameters required by the MC algo-
rithm, such as the inner and outer diameters of the CSS, the
concentration, and effective magnetic moment. Then, TEM
microscopy experiments, thermogravimetric measurements,
and magnetometry are performed. The MNPs were prepared
by chemical coprecipitation and the procedure is widely de-
scribed in a previous experimental report [20]. The CSS ob-
tained are MNPs with a core of magnetite, which are coated
with dopamine by ultrasonication. Particle shape and size are
analyzed using a TEM JEOL JEM-2100 with FCF-200-Cu
grids, where an aliquot dilution 1:100 concentrated at 0.01
mg/ml is dried at room temperature inside of a vacuum cham-
ber. The amount of dopamine covering the core is estimated
using a thermogravimetric analyzer TGA Q500 (TA Instru-
ments). Experiments are carried out inside of inert N atmo-

sphere with a flux of 25 ml/min, establishing a heating rate of
10◦C/min and covering the interval40 < T < 850◦C.

To estimate the magnetic momentµCS of an individ-
ual CSS,md = 1.4 mg of dried mass is analyzed by a
VSM (VersaLab of Quantum Design). The sample is initially
heated at 400 K for 10 min and after that, it is magnetized
at room temperature withH = 2387 kA/m to determine the
total magnetic moment when the sample is magnetically satu-
rated. Additionally, the magnetization of the sample is regis-
tered at T = 300 K over the magnetic field amplitude interval
−2387 < H < 2387 kA/m. To determineκ, the magne-
tization traces ZFC and FC are measured over the tempera-
ture interval50 < T < 400 K, using the constant intensity
H = 7.96 kA/m.

4. Results and discussion

In Fig. 2a), a typical TEM micrograph is shown, where a
spherical shape of the CSS is evident. After an analysis of
a set of micrographs using the ImageJ software (https://
imagej.nih.gov/ij/ ), the relative frequencies of the
diameters are computed and displayed in Fig. 2b), leading
to a mean particle diameter ofσC = 13 ± 5 nm. Never-
theless, this diameter does not include the thickness of the
coating because dopamine was partially o completely evapo-
rated during the TEM measurements. However, the mass of
dopamine covering the core is evaporated under controlled
conditions during the TGA assay, and Fig. 2c) shows the
relative dependence of mass loss on temperature. When
the sample is heated up to 800◦C, the shell of dopamine is
completely evaporated, reaching a total relative amount of
13%. According to Eq. (14), the mass fractions estimated
are ηC = 0.87 and ηS = 0.13. Then, using the mea-
suredσC plus the known densitiesρC = 5.18 g/cm3 and
ρS = 1.26 g/cm3, the width of the coating computed with
Eq. (16) is∆ = 1.1 nm. Thus, the diameter of a CSS is
approximatelyσCS = σC + 2∆ ≈ 15± 5 nm.

According to VSM measurements, the total magnetic mo-
ment reached ofmd isµT = 0.035 emu (at room temperature

FIGURE 2. a) A typical TEM micrograph of the MNPs, b) the bars plot of the particle diameter distribution, and c) the mass loss dependence
with temperature.

Rev. Mex. Fis.68041004

https://imagej.nih.gov/ij/ �
https://imagej.nih.gov/ij/ �


ANALYSIS OF THE MAGNETIC PROPERTIES OF CORE-SHELL IRON OXIDE NANOPARTICLES 5

FIGURE 3. a) The dependenceM vs T following the ZFC-FC protocol usingH = 7.96 kA/m; b) the dependence (MZFC −MFC ) vs T

with the derivative in the inset, plus its corresponding LogNormal fit.

and usingH = 2387 kA/m). The resulting magnetic moment
per CSSµCS = 1.63 × 10−19 Am2 (MKS units) was deter-
mined by computing the amount of CSS (NCS = 2.1×1014)
using the effective massmCS = ρCS∗VCS = 6.67×10−18 g
and the ratioNCS = md/mCS . In the subsequent VSM ex-
periments, the FZF-FC protocol was followed to determine
M with H = 7.96 kA/m, and the dependence of the magne-
tization with temperature is plotted in Fig. 3a). In the ZFC
trace, the slow growth of M highlights the size polydisper-
sity of the CSS, which is according to the standard deviation
of the bars plot displayed in Fig. 2b). The high magneti-
zation observed at 50 K can be associated with a remanent
magnetization of the sample because the maximum warm-
ing (400 K) was not sufficient to produce a random distribu-
tion of the magnetic moments, but the temperature cannot be
increased to avoid the evaporation of the organic shell (see
Fig. 2c)). Furthermore, the monotonous decreasing of the FC
trace below 225 K indicated the importance of the dipolar
interactions, which are the main driving force behind the re-
ordering of the magnetic moments in antiparallel orientations
to diminish the total magnetization [21]. A careful observa-
tion of the maximumM reached in the ZFC trace allows us
to get the blocking temperatureTb = 276 K. Another al-
ternative to determineTb is by analyzing the derivative of
MZFC - MFC and fitting it using a log-normal regression
procedure, as shown in Fig. 3(b), which also allowed us to
get the following valueTb = 102 K. According to [22],
Tb = 276 K would be a good representation of the block-
ing temperature only for a monodisperse ensemble of MNPs,
whereasTb = 102 K is a more accurate approximation to the
effective blocking temperature for a polydisperse system, like
the one depicted by Fig. 2(b). The Néel-Arrhenius law for the
magnetic relaxation timeτN of superparamagnetic materials
is given byτN = τ0e

κVC/kBTb, whereτ0 = 1.0 ns is the
constant of the time scale. Then,τN coincides with the sam-
pling time of the VSM (t = 100 s). Two possible values for

the anisotropy constantκ may be associated with the core of
the CSS, namely,κ102 = 30.6 kJ/m3 andκ276 = 82.8 kJ/m3.
Although the ZFC-FC protocol is a useful alternative to de-
termineκ, it is important to highlight that both traces exhibit
a nonequilibrium magnetization, because it depends on the
magnetic history of the material.

Then, the following experimental parameters are explic-
itly used in Eq. (1) to carry out the MC computer simulations:
µ = µCS , T = 300 K, Vi = VCS , κ = 0; κ102; κ276, and
the interval−2387 < H < 2387 kA/m. At the beginning of
the simulation, the anisotropy axis of each particlek̂i is ran-
domly oriented. In Fig. 4(a), three magnetization curves are
plotted, which were computed considering each value ofκ.
Additionally, the experimental one obtained using the VSM
is also displayed. For high magnetic fields, all curves appear
to be collapsed. In fact, the difference between the experi-
mental magnetic saturation (90 kA/m) and the obtained via
MC is up to 1%, showing independence ofκ. As can be
observed in the inset of Fig. 4(a), for lower magnetic fields
things change because the slopes of the curves (initial mag-
netic susceptibilities) increase whenκ diminishes. Accord-
ing to this observation, the magnetization is again computed,
but now usingκ = κ102 with two different orientations of
the anisotropy axiŝki, the same direction of̂mi andĥi, sep-
arately. Figure 4b) shows five magnetization curves, one for
each orientation of̂ki, also including the random orientation
of k̂i, κ = 0, and the experimental one. As can be seen,
all curves are intercepted only in the higher magnetic field
and the magnetic saturation has the same value as discussed
in Fig. 2a). In the same sense, the parameterχ (see inset
of Fig. 4b)) corresponding tôki oriented in the same direc-
tion of µCS andH, is even less than the obtained whenk̂i is
randomly oriented. This dependencek̂i vs χ was previously
reported in Ref. [13].

The dependence of the magnetization on the temperature
is discussed now. The temperature interval in the VSM exper-

Rev. Mex. Fis.68041004
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FIGURE 4. DependencesM vs H considering: a)κ = 0, κ102 andκ276; with randomly oriented, plus the experimental plot obtained via
VSM; b) κ = 0, κ102; with oriented in the directionŝmi, ĥi and random, plus the experimental plot. The slopes of the lines in the insets
represent the magnetic susceptibilities.

FIGURE 5. a) The dependencesM vs T obtained via MC with different magnetic field intensities,κ = κ102, andκ = 0 plotted in the
interval20 < T < 400 K. b) The dependence1/χ vsT in the interval100 < T < 400 K.

iment was50 < T < 400 K, whereas in the MC simula-
tion, it is not limited. In Fig. 5a), the curves for weak mag-
netic intensities, namely,H = 0, 0.796, 3.18 (withκ = 0,
κ = κ102) and 7.96 kA/m are shown. As the acceptance rate
of the MC simulation is drastically decreased below 20 K, we
have restricted the analysis to the interval20 < T < 400 K.
In all curves, the magnetizations reached maximum values
between 30 K and 40 K and suffers a significant decrease
at 20 K. Above 100 K, all curves (exceptH = 0 kA/m)
satisfy the Curie law, as can be observed in the correspond-
ing plots 1/χ vs T of Fig. 5b); all points almost collapse
in a straight line. Whenκ = 0, it is found the lower slope
(< 45%) because the magnetic susceptibilityχ has reached
the highest value, showing a good agreement with the mag-
netization curve of Figs. 4a) and b). When the amplitude
of H is very weak, the main contribution to the energy of
the MHS is provided by the dipolar interactionsUdd and
the anisotropy energyUanis. Further analysis of the rate
Udd/Uanis exhibitsUdd/Uanis ≈ 2/3 above 100 K and

below Udd/Uanis ≈ 3/2. This last behavior agrees with
the observations of the dipolar interactions in the FC trace of
the magnetization obtained in Ref. [21].

To highlight the importance of the dipolar interactions at
low temperatures, in Fig. 6 configurations of the MHS (mag-
netized withH = 7.96 kA/m ) are shown for two differ-
ent temperatures, namely, 100 K and 20 K. The spheres are
placed in the corresponding spatial positions and the arrows
describe the orientation of the magnetic moments. As can be
observed in the XYZ view and the XY projection, the orien-
tations at 100 K have some random distribution. The opposite
behavior is observed at 20 K, where the magnetic moments
are aligned perpendicularly tôz, arranging planes antiparal-
lel oriented like an “antiferromagnetic or ferrimagnetic do-
main”.

A discussion about the theoretical models forM ap-
plied to the experimental (MV SM ) and the simulated curve
(Mκ102) whenk̂i is randomly oriented is conducted now. For
this purpose,MV SM andMκ102 are plotted with the corre-

Rev. Mex. Fis.68041004
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FIGURE 6. Thermalized configurations of the MHS inside of the simulation box in isometric views XYZ and the respective XY projections
applyingH = 7.96 kA/m ẑ: at a), b) 100 K and at c), d) 20 K.

FIGURE 7. MagnetizationMV SM superimposed with the corre-
sponding Langevin equation (Eq. (3)), includingMH (inset I) and
ML (inset II).

sponding Langevin magnetization (see Eq. (3)). Also, the
magnetization approximated for low (ML) and high (MH )
fields with Eqs. (10) and (11), respectively, are included.
Starting with MV SM , Fig. 7 shows a full-scale view of
this qualitative comparison. As can be expected for a sam-
ple mainly superparamagnetic, the difference between the
MV SM and the Langevin equation is only perceptible in
the inflection range ofH, that is, where the linear response
fails and the sample became saturated. However, the in-
set (I) in Fig. 7 shows a close-up in the high field region
(H > 2κ/µ0Ms), whereMH predicts more accurately the
real magnetizationMV SM . Inset (II) in Fig. 7 also shows
a close-up withML, whereMV SM has a greater slope than
even the Langevin equation. This suggests the existence of
an interval where the dipolar interactions could be of signifi-
cance, or probably a little fraction of CSS has the anisotropy
axis aligned toH rather than randomly distributed.

Rev. Mex. Fis.68041004
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FIGURE 8. MagnetizationMκ102 superimposed with the corre-
sponding Langevin equation (Eq. (3)), including MH (inset I) and
ML (inset II).

Figure 8 shows the same qualitative analysis onMκ102 as
in Fig. 7. In the full scale ofH, the Langevin model again
differs only near the transition to magnetic saturation. Never-
theless, inset (I) of Fig. 8 showsMH with a better agreement
with MV SM . Moreover, in the inset (II) of Fig. 8,ML re-
mains under the Langevin limit, even when the simulation
has taken into account the dipolar interactions. This rein-
forces the idea that the initial slop of the experimental curve
provided in the inset of Fig. 7 must be due to the presence
of a fraction of particles where the anisotropy axis is aligned
with the external field.

5. Conclusions

A detailed characterization of a magnetite-dopamine core-
shell nanoparticle sample was presented, including direct
measurement of particle size through TEM microscopy, the

thickness of coating using TGA, the blocking temperature
and M vs H response, by vibrating sample magnetome-
try. Using those measurements, the parameters needed to
carry out MC computer simulations were obtained. The de-
pendence ofH on the magnetization was studied by Monte
Carlo computer simulations, using two possible magnetic
anisotropy constants and three different orientations of the
anisotropy axiŝki. As was observed, when the CSS have
κ102 = 30.6 kJ/m3 with k̂i randomly oriented, the simulation
predicted anM vs H dependence more similar to the exper-
imentally measured and fitted to an ideal Langevin equation.
Additionally, it was demonstrated that the correlation of the
magnetization with H can be improved (in the limits of high
and weak amplitudes ofH) when the anisotropy contribu-
tions are explicitly taken into account. Furthermore, the de-
pendence ofT on the magnetization estimated by MC exhib-
ited the non-compliance of the Curie law belowT = 100 K,
which almost coincides with the minimumTb = 102 K mea-
sured. At these temperatures, the dipolar interactions mainly
contributed to the total energy of the ensemble and the CSS
adopted an ordered orientation even when the magnetic field
was null.

Last, but not least, we should point out that this work also
provided a condensed derivation of the magnetization includ-
ing different physical contributions, which might be imple-
mented in further works to properly analyze the magnetiza-
tion beyond the ideal Langevin equation.
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