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ARTICLE INFO ABSTRACT

Controlled magnetic granular materials with different concentrations of magnetite nanoparticles immersed in a
non-conducting polymer matrix were synthesized and, their macroscopic magnetic observables analyzed in
order to advance towards a better understanding of the magnetic dipolar interactions and its effects on the
obtained magnetic parameters. First, by means of X-ray diffraction, transmission electron microscopy, small
angle X-ray scattering and X-ray absorption fine structure an accurate study of the structural properties was
carried out. Then, the magnetic properties were analyzed by means of different models, including those that
consider the magnetic interactions through long-range dipolar forces as: the Interacting Superparamagnetic
Model (ISP) and the Vogel-Fulcher law (V-F). In systems with larger nanoparticle concentrations, magnetic
results clearly indicate that the role played by the dipolar interactions affects the magnetic properties, giving rise
to obtaining magnetic and structural parameters without physical meaning. Magnetic parameters as the
effective anisotropic constant, magnetic moment relaxation time and mean blocking temperature, extracted
from the application of the ISP model and V-F Law, were used to simulate the zero-field-cooling (ZFC) and field-
cooling curves (FC). A comparative analysis of the simulated, fitted and experimental ZFC/FC curves suggests
that the current models depict indeed our dilute granular systems. Notwithstanding, for concentrated samples,
the ISP model infers that clustered nanoparticles are being interpreted as single entities of larger magnetic
moment and volume, effect that is apparently related to a collective and complex magnetic moment dynamics
within the cluster.
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1. Introduction nanoparticles and the non-conducting polymer matrix, these materials

play an important role in the development of new devices of funda-

The study of nanostructured systems composed of magnetic
nanoparticles dispersed in organic polymeric matrices has attracted
much interest in the last years, owing to the richness of the involved
physics behind their fundamental properties, and also due to potential
applications in technological and biomedical areas [1,2]. These types of
granular magnetic nanocomposites are a new kind of stimuli-respon-
sive smart materials, as they can change their volume, viscosity,
internal stress or structure in response to variations of an external
magnetic field [3,4]. Owing to the synergy between the magnetic

* Corresponding authors.

mental interest in biomedical and pharmaceutical fields such as
biosensors, artificial muscles, and drug delivery systems, among others
[5-8].

The assemblage between the magnetic nanoparticles and a non-
magnetic polymer matrix can be achieved by diverse techniques,
including chemical crosslinking, photo-polymerization, electron irra-
diation or freezing—thawing [9—12]. Among the polymer raw materials
employed so far, highly-biocompatible and inexpensive polyvinyl
alcohol (PVA) is one of the most popular polymers for stimuli-
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0. Moscoso-Londorio et al.

responsive magnetic materials elaboration. The composite PVA -
hydrophilic iron oxide nanoparticles (IONPs) has been extensively
studied, mainly in investigations of nanoparticle incorporation, effect
of nanoparticle coating on the matrix distribution, drug release or
protein absorption behavior [13-15].

In addition, nanocomposites with controlled concentration of
magnetic solute are very useful to experimentally study some funda-
mental aspects of magnetism at the nanoscale [16,17]. The advantages
of employing these materials compared to other granular systems, such
as the ones obtained by melt-spinning or co-deposition, rely on the
straightforward structural characterization and narrower size distribu-
tions of the magnetic entities [18,19]. The preparation of polymer
magnetic nanocomposites is highly controllable, from the synthesis of
the magnetic active component to its well-dispersion and control of the
spatial distribution within the hosting matrix. These features allow
overcoming the usual drawbacks like particle size and shape, or atoms
forming channels into the same structure [20], making these systems
suitable candidates to perform fundamental magnetic studies.

Specifically speaking of those systems in which the hosting matrices
are loaded with single-domain magnetic nanoparticles, to better
understand the macroscopic magnetic response of these nanocompo-
sites it is fundamental to consider the role played by magnetic
interactions among the nanoparticles. Typically, interacting magnetic
systems display a different behavior when compared to the non-
interacting ones [21-24]. For example, experimental evidence suggests
that the long-range magnetic dipole-dipole interactions affect several
magnetic properties, such as the blocking temperature, energy barrier
or the heating efficiency during the application of AC magnetic fields
[24-26], among others. Despite the development of new models and
theories to recreate real systems composed by magnetic nanoparticles,
it is rather complicated to separate the role of dipolar interactions from
other features, such as clustering effects, surface effects, shape and size
distributions, among others. Some approaches have been proposed to
explain the experimental data departing from the expected behavior,
such as changes in the energy barriers in isolated particles, or
progressive and dependent blocking of particles induced by collective
phenomena [18,27-30].

In this work, we study the effect of dipolar interactions on different
magnetic properties of nanoparticles diluted and clustering in poly-
meric matrices. The nanoparticles and polymer were extensively
studied to fully characterize the nanostructure, and discard other
possible effects besides magnetic interactions among nanoparticles.
To this end, two diluted and two concentrated samples (PVA-IONPs)
were prepared. By incorporating different amounts IONPs a direct
correlation between the spatial distribution of the magnetic entities and
the strengthening of magnetic dipolar interactions was reached. The
results indicate that the strengthening of the dipolar nanoparticle
interaction promotes a progressive shift of the magnetic parameter
values towards non-realistic ones. To tackle this challenge we applied
an advanced model for magnetic dipolar interactions (ISP) formulated
by Allia et al. [29] as well as the Vogel-Fulcher law (V-F). From the ISP
and V-F outcomes we have simulate the zero-field-cooling (ZFC) and
field-cooling (FC) curves, concluding that for diluted systems (weakly
interacting), these models are reliable. However, for the two most
concentrated samples (highly interacting), we detected that the ISP
model describes clusters of nanoparticles as if they were single and
larger magnetic entities, that phenomena can be product of a complex
magnetic behavior that could emerge from two main sources; (i)
interaction among the clustered nanoparticles and (ii) between clus-
ters. Such evidence allows us to extract information, as for example the
cluster magnetic volume.

2. Experimental details

All the reagents used in this work were analytical grade and used
without further purification. Iron (III) chloride hexahydrate (FeCls-
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6H,0, 97%, Tetrahedron), iron (II) sulphate heptahydrate (FeSO,-
7H50, =99%, Sigma-Aldrich), sodium hydroxide (NaOH, 99%,
Anedra), polyvinyl alcohol (PVA, fully hydrolyzed, Sigma-Aldrich),
citric acid (C¢HgO-, >99% Cicarelli). Deionized water was used in all
syntheses.

2.1. Synthesis of citric acid-coated Fe304 nanoparticles

Magnetic iron oxide nanoparticles (IONPs) were prepared by the
co-precipitation method [31]. Briefly, 7.5 g of NaOH were dissolved in
125 mL of H,0. Then, a mixture of 18 mmol of FeCl;-6H,O and
9 mmol of FeSO4-7H,0 dissolved in 25 mL of H,O was added dropwise
to the NaOH solution under Ar atmosphere and vigorous stirring. After
30 min, 8.3 g of citric acid was added to produce hydrophilic-carboxyl
coated IONPs. The temperature was then raised to 80 °C and main-
tained for 30 min. Citric-coated IONPs were magnetically decanted and
suspended in H,O until a stable suspension with pH=7 was obtained.
This ferrofluid was named Sgp. For some structural characterizations,
such as XRD or FTIR, the stable dispersions of citric coated-IONPs
were magnetically decanted after adding acetone and dried in vacuum
in order to obtain a powder sample. Such sample was labeled as Spo.

2.2. Synthesis of magnetic gels: citric acid-coated Fe30, in PVA
matrixes

Magnetic polymer nanocomposites were prepared by crosslinking
PVA with different dilutions of Sgp in order to achieve dispersion of
different IONPs concentrations. PVA solutions were first prepared by
mixing 10 g of polymer and 100 mL of H,O at 85 °C under continuous
stirring for 4 h. After this process, 5 mL of four different dilutions of
Srr were mixed with 15 mL of the PVA solutions to produce the
samples with 0.5 wt%, 3 wt%, 15 wt% and 30 wt% of citric coated-
IONPs, with respect to the total content. These dispersions were
poured into molds, frozen for 3h (-18 °C) and allowed to thaw at
room temperature (25 °C) for the same time. This freezing—thawing
process was repeated 3 times in order in order to trigger the cross-
linkings. The so obtained samples are labeled as S 59, S3%, S159 and
S309 for magnetic composites loaded with 0.5 wt%, 3 wt%, 15 wt% and
30 wt% of citric-coated IONPs, respectively.

2.3. Characterization

X-ray diffraction (XRD) patterns were obtained by standard Rigaku
diffractometer with Cu-Ka radiation (A=1.5406 A). Rietveld analysis
was performed using the package GSAS [32] with EXPGUI as graphical
interface [33]. Transmission electron microscopy (TEM) images were
collected with a FEI-Tecnai™ microscope. Fourier transform infrared
(FTIR) spectra were carried out at room temperature in the range of
400-4000 cm™! employing a Shimadzu infrared spectrometer model
IR-Prestige 21, using KBr disks method. X-ray absorption fine struc-
ture (XAFS) spectroscopy spectra at the Fe K-edge (7.112 keV) were
collected at the Brazilian Synchrotron Light Laboratory (LNLS,
Campinas, Brazil) at room temperature. XANES and EXAFS data for
S39, S159 and Ssgo; samples were recorded in transmission mode.
Owing to the low Fe concentration in sample Sj 5o the XANES and
EXAFS data were obtained in the fluorescence mode with the sample
positioned 45° with respect to the beam. Small angle X-ray scattering
(SAXS) experiments were performed in a NANOSTAR™ camera
(Bruker), equipped with a Xenocs Genix3D microfocus X-ray source
(A=1.541 A). The beam collimation was performed with two sets of
scatterless slits, also provided by Xenocs. The sample to detector
distance of 670 mm was used to cover a scattering range (q) from 0.09
up to 2.8 nm™. The scattering intensity was measured as function of
q=4rn sin(%) ; where 20 is the scattering angle. SAXS data were
recorded in vacuum and at room temperature using exposition times
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Fig. 1. (a) X-Ray diffraction pattern of citric acid coated iron oxide nanoparticles (symbols). Rietveld refinement results are shown as a continuous red line. (b) Histogram (bars) and
lognormal fit (line) of nanoparticle size distribution derived from TEM analysis. Inset: TEM images of the iron oxide nanoparticles with two different magnification. The Fourier
transform is also shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of 900 s, data treatment was performed using the SASfit package [34].

DC magnetic properties (ZFC-FC and M-H curves) of the nano-
composites were studied on a Quantum Design-PPMS with a vibrating
sample magnetometer head (VSM). AC magnetic susceptibility mea-
surements were performed by a Quantum Design-PPMS magnetometer
in AC-mode transport head.

3. Structural characterization results

3.1. Structural and morphological characterization of citric acid
coated-Fe304 nanoparticles

Size and crystallite structure of the as synthesized sample (Spo)
were evaluated by means of X-ray diffraction technique. As can be seen
in Fig. 1(a), the obtained diffractogram of sample Spo matches well
with the Fe3O4 and/or y-Fe,Oj3 crystalline pattern and confirms the
formation of a pure fcc spinel-inverse iron oxide phase. The nanocrys-
tallite size, calculated by Rietveld analyses (Fig. 1, red line), is 9.9 nm +
1.4.

To confirm the disperse nature of the initial colloidal suspension
(Srr), as well as to know the nanoparticles shape and, to determine the
nanoparticle size distribution were conducted experiments of transmis-
sion electron microscopy (TEM). According to the obtained images, the
sample Sgr is composed of non-aggregated nanoparticles, each one
with a nearly spherical shape. From it, the histogram (Fig. 1(b)) was
built analyzing more than one thousand nanoparticles from several
TEM images, which were properly fitted with a lognormal function. A
mean diameter of 8.4 nm with narrow size distribution (0=0.2) was
determined. The measured interplanar distances (inset in Fig. 1(b)) are
in good agreement with the lattice spacings of magnetite or maghemite
crystals [35]. Moreover, from TEM images one can to infer that the
citric acid capping (whose attachment was confirmed by FTIR analysis,
see Fig. 1.S1) acts in order to avoid excessive agglomeration during the
IONPs formation and, yields a stable ferrofluid with well-dispersed
magnetic nanoparticles. Then, taking advantage this fact as well as that
the citric acid carboxylate groups can interact with hydroxyl-rich PVA
by ion-dipole forces, we can guarantee a fine particle dispersion within
the PVA matrices, avoiding the nanoparticle percolation and ensuring a
homogeneous distribution of these over the whole PVA volume.
However, the formation of aggregates of nanometric size would be
limited by the NPs concentration, as will be discussed later.
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3.2. Examination of the Fe oxidation state. Fe-K-XAFS analysis

It is widely known that the magnetic observables of systems
composed by iron oxide nanoparticles are determined by a large
number of parameters as the average particle size, size distribution,
shape, surface/volume ratio, Fe oxidation state and so on. Most of
these parameters can be tuned in the synthesis procedure [36].
However, and due to the fact that the magnetite nanoparticles
(Fe304) can easily transform into maghemite nanoparticles (y-
Fe»03), even in environmental settings, the control of the oxidation
state is required in order to explain the magnetic properties.

As the XRD analysis does not provide sufficiently accurate informa-
tion to distinguish between structurally similar chemical Fe-mineral
species such as magnetite, non-stoichiometric magnetite or maghe-
mite, measures of X-Ray Absorption Spectroscopy was carried out to
complement XRD results and to determine more accurately the
oxidation states of the Fe. Then, exploiting the fact that this technique
is sensitive to the local environment of absorbing atoms, we decided to
analyze the local structure of the average Fe atoms by examining the Fe
K-edge spectra.

According to the XANES patterns (Fig. 2(a)), the increasing in the
nanoparticle concentration does not affect both the pre-edge region
features neither the absorption edge position (7.126 keV). For all
samples, the observed features are compatibles with a Fe** and Fe*
mixture [37-40] and matches well with literature reports for non-
stoichiometric magnetite phase [16]. The EXFAS region and the
Fourier Transforms (FT) for the set of studied samples are showed in
Fig. 2(b-e) and (f-i), respectively. All EXAFS profiles (obtained by
conventional treatment) exhibit a characteristic signal formed by the
contribution of the first and second oxygen neighbor as well as Fe?*
and Fe" ions. FT amplitudes (Fig. 2(f-i)) show a first broad peak
between 0.9-2.1 A, on the positions of the first and second Fe-O
neighbors. The second peak exhibits two maxima at 2.6 A and 3.0 A,
respectively, which are associated to Fe-Fe sub-shells. Comparing the
both EXFAS and FT profiles, for all samples no significant changes
were observed. It is evidence that the internal structure of the
nanoparticles is not altered by the concentration of these. In this
sense, as the bonding geometry around Fe remains unaltered in all
samples, we can be sure that effects associated with percolated systems,
as direct or indirect exchange interaction among surface Fe ions, does
not have place in the synthesized samples. This point will allow us to
relate the modifications in the magnetic response only with the
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Fig. 2. (a) Comparison of the experimental Fe K-edge XAFS spectra for a series of IONPs-PVA prepared at nanoparticle concentrations of 0.5%, 3%, 15% and 30%. Inset: a detailed
comparison of the experimental Fe K-edge XANES spectra for same samples. (b—e) EXAFS spectra and (f-i) Fourier transforms obtained for samples Sg 59, S3o, S159% and Szo-

variation of the magnetic dipolar interactions.

their concentration rises into the PVA matrices. Then, the Beaucage

Structural organization of the IONPs inside of the PVA matrSmall- expression for two scaling regimes used to describe the structure of
angle X-ray scattering (SAXS) was employed to identify and quantify primary nanoparticles and aggregates is given by:

NPs agglomeration within the PVA matrix. Thus, the experimental
SAXS data were analyzed using the unified exponential/power-law
postulated by Beaucage and based on hierarchical structures [41].
Briefly, Porod and Guinier regimes are combined into a single equation
to describe the scattering of any morphology of complex systems
containing multiple levels of related structural features [41,42]. In
our case, this law was applied to follow primary particle aggregation as
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Fig. 3. (a-d) SAXS curves of the magnetic composites. The experimental data was fitted with SASFit package following the extended Beaucage expression described in the text.

Contribution of the Guinier and Porod pre-factors G, B and Gpp, Bpp are presented as dotted lines. (e) Number density of magnetic aggregates (Nz) as a function of nanoparticle
concentration.
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where the Guinier and Porod pre-factors of the aggregates are given by
G = NgAnz(%”)z (%)6 and B = 2zNppAnS, respectively. Being N: the
magnetic aggregates number density, Npp the number of small subunits
within each aggregate, An the scattering length density difference
between  IONPs and the  surrounding PVA  matrix
(An=3.06x10'' ecm™2), S the specific surface. Gpp and Bpp are the
mentioned pre-factors for primary particles. erf is the error function, &
and Dpp are the diameters of the aggregates and primary particles,
respectively. The latter is related to the respective radii of gyration. dg
is the fractal dimension of the aggregates and, P is the Porod exponent.

Fig. 3 shows log-log plot of experimental SAXS data (symbols)
taken on a specimen of every S sample. The SAXS patterns are
distinctive of systems composed by polydisperse particles with two
hierarchical levels, corresponding to aggregates and primary nanopar-
ticles. For all of the SAXS patterns, in the low g region, the differential
cross section, dX(q)/0€, deviates from the typical Guinier behavior for
individual particles, indicating that IONPs aggregation has occurred
[43]. The scattering patterns of samples Sy 59 and Sy (Fig. 3(a) and
(b)) display a smooth decreasing g-behavior, while in the samples with
highest nanoparticle concentration (Sys9 and Szgs) a knee appears at
g=0.5 nm™'. A shift in this knee is generally attributed to changes in
size of the scattering objects. However, in our case the same batch of
nanoparticles were used to prepare each granular composite, whereby
the shift in such knee-like decay could be attributed to stronger
scattering interference between the neighboring iron oxide nanoparti-
cles in samples S;59 and S3g9, consistently with the establishment of a
more compact architecture and large amount of magnetic solute. In the
high g region, the scattered intensity decays with a g~* power law. This
behavior is characteristic of Porod scattering from smooth and sharp
interfaces among iron oxide NPs and the polymer matrix [42,44].

Taking into account the primary nanoparticle aggregation and
following their behavior as the nanoparticle concentration increases,
SAXS was analyzed through the extended Beaucage expression de-
scribed above. For fitting procedure, the single nanoparticle diameter
was fixed at 8.4 nm (according to the TEM information). As can be seen
in Fig. 3(a-d) the scattering data of all S magnetic composites were well
described by the unified fit (Eq. (1)). The Guinier and Porod compo-
nent curves of aggregates and primary nanoparticles are also shown the
figure (dotted lines). Fitted dr values were 2.47, 2.76, 2.81 and 2.99 for
samples Sg 59, S39, S15% and Szgq, respectively. These fractal dimen-
sion dr values are indicating that the in all samples the aggregates has a
spherical shape [45], which are composed by primary nanoparticles.
The shift towards higher values indicates that the aggregates are more
compact as the IONPs concentration fraction increases. The aggregate
fractal dimension evolution was also studied by means of a fractal
aggregate model (see in Supplementary information, section I-B), in
which the dr increase was confirmed. Fitted parameters are summar-
ized in Table 1. The obtained aggregate size values (§) were 27 nm,
61 nm, 73 nm and 75 nm for Sg 50, S39, S159% and Ssge, respectively.
These & values, as well as their evolution with the IONPs concentration,
are within the expected range taking into consideration previous
reports based on similar systems [13,42,44,46,47].

To determine the density of magnetic aggregates (Ngz) within the
magnetic composites, the Guinier and Porod expressions (for aggregate
structural level) were combined to obtain a functional ratio between the
obtained SAXS parameters and Ng, being this:
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Table 1.
SAXS Parameters &, dy and Ny (defined in the text) obtained from the curve fitting using
to Eq. (1).

Sample £ (nm) dy Ng (10" cm™)
So.5% 27 2.47 119 (30)
Ss% 61 2.76 4.4 (0.4)
S50 73 2.81 1.8 (0.7)
S300% 75 2.99 2.1(0.2)
G
Ne = A 2 4n 2.6
n (7) (5) 2)

Calculated Ng values are listed Table 1. and its evolution with the
nanoparticle concentration is displayed in Fig. 3(e). The result in-
dicates that in sample Sj 59 coexist more aggregates per unit volume
(~10'2 em™) in comparison with other three samples (~10'° cm™).
Then, as this sample present less compact aggregates of smaller size (in
comparison to the others samples), it is possible to infer that in sample
So.59 the special nanoparticle distribution it would not be limited by a
concentration of 0.5 wt% and, the aggregate formation is just a
consequence of the magnetic nature of the iron oxide nanoparticles.

In summary, our structural characterization contributed with useful
information, proving that the Fe atomic environment and crystal
structure remains unaltered in all synthesized samples. From SAXS
analysis was confirmed the aggregate formation. Explicitly, three
important features related to the nanoparticle architecture within the
PVA matrices were determined: (i) the aggregate size, (ii) a qualitative
idea of the aggregate compactness grade and (iii) the density of
aggregates. Up this point, we can affirm that just by changing the
amount of nanoparticles loaded into the PVA, these are distributing
differently. This will have a direct effect on the magnetic response, as
will be discussed in the next section.

4. Magnetic analysis

To analyze the effect of the dipolar nanoparticle interactions on the
magnetic response, a more detailed magnetic characterization is
needed. To extract the values of the main magnetic parameters and
to examine its progression as the nanoparticle concentration raise,
different approaches were applied. Some of the used models are based
on the superparamagnetic framework and the other ones, as the
Interacting Superparamagnetic Model, consider the dipolar interac-
tions. The studied parameters were the effective magnetic anisotropy
energy density K.z mean magnetic moment (u), mean blocking
temperature (73 ) and the relaxation time 7.

4.1. Magnetic field dependence of the magnetization of the PVA-
IONPs

Fig. 4 shows M vs. H curves, taken at 5K and 300K, for all
synthesized samples. Experimental curves of magnetic composites
seem to be typical of systems with single domain nanoparticles,
showing a coercive field close to zero for M vs. H curves measured at
300 K in accordance to a system in thermodynamic equilibrium [48],
whereas for those measured at 5 K the coercive field shows larger
values around 350 Oe for each sample. Magnetization does not reach
saturation even under the maximum field of 20 kOe. To determine if
the system in thermodynamic equilibrium behaves as a superparamag-
netic one, the experimental curves where plotted as M/Mgs vs. H /T
(Supplementary material. Fig. 3.SI). As can be noted, the magnetiza-
tion curves do not follow the superparamagnetic scaling law, which is
an evidence of magnetic nanoparticle interactions.
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4.2. Temperature dependence of the specific saturation magnetization

For ordered magnetic systems, the temperature dependence of the
spontaneous magnetization is studied in terms of collective excitations
[49]. Such behavior is described by the so-called Bloch law and works
very well for long-range ordered systems. However, some recent works
report the use of a modified Bloch T law to study how the finite size
effects affect the magnetization processes in small clusters and
nanoparticle systems [50-53]. These effects are commonly associated
with saturation magnetization departures from the usual Bloch 7%/2
temperature dependence [54]. Such modified law is given by:

Ms(T) = Ms(0)(1 — B'T?) + A exp(—=T/Tfreezing) 3)
where Mg(0) is the specific saturation magnetization when the tem-
perature T approaches zero, B’ is a variation of the Bloch constant
(related to the exchange integral by B’ ~ 1/J [55]) for systems at the
nanoscale, and a is the Bloch exponent. Normally in bulk ferromag-
netic systems this latter quantity takes a value of 3/2, while in
nanoscale systems a variation has been observed [56]. The second
term is associated with the NPs surface layer that prevents magnetic
saturation. This term is assumed to be characteristic of a surface in
which all magnetic moments are disordered, so their contribution to
the magnetization is zero at low fields, and it depends on the
temperature at the surface in which the magnetic moments become
frozen (Ts-cezing) and on the surface contribution at 0 K (4o).
Despite the fact that the canonical Bloch law is based on the
collective motion of the magnetic moments in ferromagnetic materials,
it is possible to use its modified version in our systems to correlate a
possible collective magnetic-moments behavior with the strengthening
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of dipole-dipole interactions between nanoparticles. It is important to
point out that highly concentrated nanoparticle materials (almost or
completely percolated) often display a similar magnetic behavior of
bulk ferromagnetic materials [57].

To apply the mentioned model on our systems, we assume that the
magnetic moments at the nanoparticle core are almost magnetically
saturate at H=20 kOe. The Mp;_0 roeVs. T for each sample are
presented in Fig. 5. Results indicate that for a given temperature,
different magnetization values at H=20 kOe were reached. Commonly,
this fact can be associated to different degrees of nanoparticle surface
disorder. Nevertheless, on present samples such phenomena can be
discarded because the IONPs retain the same surface features in all
samples. This fact implies that the magnetic moment dynamics it is
strongly affected by the dipolar interaction among nanoparticle mag-
netic cores. Another aspect to highlight is that in the concentrated
nanocomposites, slightly larger values of Mz;_50 koe are obtained,
from which it is possible to infer that at high enough magnetic fields the
magnetic dipolar interaction among magnetic cores would act to
reinforce the core magnetic moment alignment with the external field.

To fit with Eq. (3), the parameter a was determined for the sample
So.59 because weaker dipolar interactions are expected in this sample,
and therefore one should follow the individual behavior of NPs. The
obtained value of a=2 is in good agreement with results reported for
systems composed of ferrites NPs with sizes of about 10 nm [50,58—
61]. The deviation from the canonical Bloch law for bulk Fe;04 (a=3/2
and Ap~Asyrrace =0 in Eq. (3)) is mainly attributed to the reduction
of the degrees of freedom of the NPs magnetic moment, i.e., differences
in the magnetic moment environment in a nanoparticle systems and its
bulk counterpart implies different energy gaps to overcome in order to
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trigger a collective movement of the magnetic moments [49,61,62].

A decrease in Mp—»0 koe With increasing temperature is seen for
all samples, but for the diluted magnetic composites the decrease is
more pronounced at lowest temperatures such that the Mz;_»0 xoe(T)
behavior develops a concave shape. This behavior cannot be explained
by a reduced or sample dependent parameter a [59,60], hence a was
kept constant at a value of 2 in all settings. Analyzing the
Mpr—50 xoe(T) behavior of the concentrated samples (Ss3g0 and
S159) the decrease at low temperatures is smooth, indicating that their
behavior can be better represented by the Bloch theory. This means
that both samples could present a superparamagnetic coupled or
collective behavior when a field of about 20 kOe is applied at low
temperatures, and this is consistent with the increase in dipolar
interactions among NPs. In the two samples with lower NPs concen-
tration (Sso; and Sy 59,) the decrease of Mz;—_50 koe at low tempera-
tures is more pronounced, and the fit to Eq. (3) is not so good, pointing
to a lower or null contribution of the collective magnetization pro-
cesses.

Parameters obtained from Mz;_»0 roeVs. T fit by means of Eq. (3)
are summarized in Table 2. A feature to highlight is that Ay is almost
constant for all samples. This factor is related to the NPs disordered
surface thickness [51]. Also, B’ decreases with increasing NPs con-
centration from 1.3x107° K2 for Spse to 0.8x107° K2 for Ssps.
Similar trends were reported by Bardeta et. al [61] and Franco et. al
[63]. The B’ value for this last sample is close to the one reported for
bulk iron oxide systems (~1.58x107® K=2) [50]. Those features indicate
that the superparamagnetic behavior is screened due to dipolar
interaction, and a possible ferromagnetic interaction between nano-

Table 2
Fitting parameters obtained from Mz;—_>0 roe Us. T data using Eq. 3. *a was determined
for the sample Sy 59 and was kept fixed in the fitting procedure for all other S samples.

Sample B'(x10°K™?) Ao Tfreezing (K)
So.5% 1.3 (0.22) 5.0 (1.3) 63 (19)

S306 1.2 (0.18) 4.3 (1.2) 80 (20)

S15% 1.0 (0.03) 3.9 (0.03) 99 (13)

S30% 0.8 (0.09) 3.8 (0.5) 108 (24)
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particle magnetic core moments becomes more relevant as the
concentration of NPs increases. The evolution of freezing temperature
Tfreezing 15 also consistent as it becomes larger when interactions
increase.

4.3. Temperature dependence of coercivity

Fig. 6 shows the temperature dependence of the coercive field Hc.
As expected, a significant increase of this parameter is observed in all
samples as the temperature decreases. This behavior indicates the
transition from a blocked regime at low T to non-blocked one at high
temperatures. A slight larger value of Hc is detected at every
temperature for the concentrated samples. Such behavior can be
connected with a significant strengthening of dipole-dipole interactions
[64].

Hc(T) dependence for a system of non-interacting NPs in the
blocked state can be modeled by [64]:

[1 i [ ]"2], @)

where K;}C is the effective uniaxial anisotropy, dpc;0, the magnetite
density (assumed as 5.2 g/cm®), Mg the saturation magnetization, and
(THc) the mean blocking temperature assuming a modest size disper-
sion (superscript indicates that the parameters are linked to Eq. (4)).
According to the Néel-Arrhenius model, for an ideal system of single-
domain magnetic nanoparticles in the blocked state, a linear depen-
dence of Hy as function of T%/2 is expected [65]. In our systems, such
dependence was observed for T < 20 K in samples Sg 59, S3%, and S;5q,
while for the most concentrated one (S3qy) the linear dependence of H¢
with T2 was found for a temperature range slightly broader (T <
30 K). This difference indicates that the temperature range in which the
magnetic NPs are blocked becomes wider in the most concentrated
sample. Given the direct relationship between particle concentration
and dipolar interaction strength, one can infer that the blocked window
temperature is widened by the dipolar interaction effect. Such behavior
is more obvious in the inset of Fig. 6, where Hc vs. T /2 was linearly
fitted.

Considering the fact that at low temperatures Hc follow an almost

T
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H
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exact linear dependence with 7'/2 and assuming that the anisotropy
constant as a temperature independent parameter in the linear fitting
range [65,66], one can obtain the K;}[C values by extrapolating the linear
fit to T=0. From this, a unique value of ~1.1x10° erg/cm? was found in
all samples. This value is larger than the magnetocrystalline anisotropy
of bulk Fe30, (6.4x10* erg/ecm® [67]) as it is expected for systems at
the nanoscale [16].

It is worth nothing that the obtained result of K:I//C must be used
cautiously, just as a first approximation due to the framework behind
the Eq. (4) is based on the conventional superparamagnetic theory, i.e.,
it neglects features existing in any real sample, such as: particle size
dispersion and the temperature dependence of the magnetic para-
meters involved [65], dipolar interaction effects [68], or possible effects
associated to the Verwey transition, whose manifestation is linked to a
structural disorder and could affect the anisotropy value in magnetite
particles [69]. Despite the suppositions behind of the Eq. (4), the very
reasonable value of KfHﬁfC confirms the applicability of this approach for
modest particle size dispersions and interactions [70-72].

4.4. Application of the Langevin theory and the Interacting
Superparamagnetic Model

The magnetization of an assembly of polydisperse superparamag-
netic nanoparticles, each one with a magnetic moment of magnitude u
can be described by the Langevin's equation [16,19]:

u(H — Hc)

dy,
T (w)du

MH,T) = YL
( )nfoﬂ( ®)

being Hc the coercive field (assumed as small in comparison with the
anisotropy field); n the number of superparamagnetic particles per
mass unit; L(x) the Langevin function; f{u) the distribution of magnetic

, with

In(u/ x0)
-

moments, assumed as lognormal type: f (u) = \/%/w exp

o being the standard deviation and x, the median of the distribution.
By fitting Eq. (5) to the experimental M(H) data (fitted curves are
presented as continuous red lines at Fig. 4), the obtained mean

magnetic moment {(u) (=xo exp( ) shows a non-physical increase

with temperature, as shown in Fig. 7 (black spheres). The expected
evolution of (u) with T it is to remain almost constant at low
temperatures and to decrease as the temperature approaches the
Curie limit (analogous to Mg behavior). This anomalous trend was
observed by several authors and is often associated with the dipolar
nanoparticle interaction effect on the on the magnetic behavior
[16,25,29,73-75]. Consequently, the fitted values must be considered
as apparent. For comparative purposes, in the sections below these
values are re-labeled using the subscript ‘AP’.

In order to understand the effect of dipolar interactions as a
function of NPs concentration in the PVA matrix, we applied the
model originally proposed by Allia et. al. [29]. This model, sometimes
called T* model or Interacting Superparamagnetic Model (ISP), was
proposed as a phenomenological approach that considers that nano-
particle magnetic moments interact through dipolar type long-range
fields, and the overall effect can be modeled by a fictitious temperature
T*, which should be added to the real temperature at the denominator
of the Langevin function argument.

The new temperature, called apparent temperature, has the effect of
slowing the approach to saturation and can be written as Th=T+T%,
where T* is related to the dipolar interaction energy through ep = kg T*.
Then, the modified Lange vinfunction has the form:

Hco (H — Hc)

k(T + T*) )/ (o) dhico:

MH, T) = ” L
( ) nCO-/O llco( 6)

where ‘CO’ subscript refers to corrected fit values. To solve Eq. (6), it is
necessary to determine 7%, what can be accomplished as follows:
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starting from the low field susceptibility that is given by y, = %
and can be rewritten as:

p T

- = 3kBNCO[7 + 5,

X (5Fe304 MS)2 (7)

where Nco is the corrected number of magnetic moments of super-
paramagnetic particles per unit volume, which is related to the number
of magnetic moments of superparamagnetic particles per mass unit
through Nco = ncoSre;0,, With 8pe;0, = 5.2g/cm?® being the bulk magne-
tite density. p is a parameter introduced to consider the nanoparticle
size distribution, which can be determined from the relationship
(o) <»Ap>
<Mco>2 T g

obtained from the low-field region of M vs. H curves (note that the

units of M must be in emu/cm®) and p is estimated from the log-
normal distribution obtained from the parameters o and (u,p). By
plottlng Lvs. and following the relationship between apparent and

ref [29],

among average values p = 7[29]. The susceptibility x,, is

corrected parameters exposed in one can obtain

(_ _3kaNco_ T*] and therefore T*.
SFe304 M

A linear dependence of 2 Wlth T is observed for higher tempera-

tures (Supplementary matenal Fig. 4 SI), that was properly fitted with
a linear function in order to obtain the T* values as well as the dipolar
interaction energy ep. These values are registered in Table 3. Some
trends can be highlighted, for example: (i) dipolar interaction energy
becomes larger as the NPs concentration increases and, (ii) ep increases
as the temperature becomes lower, indicating stronger dipolar inter-
actions as the sample undergoes the transition between superpara-
magnetic and blocked regime.

Finally, with the calculated T* values one can use Eq. (6) to fit the M
vs. H curves and thus determine corrected magnetic parameters nco
(or Nco), 0 and p. Fig. 7 shows the temperature dependence of (u,p)
and (ucq). Corrected magnetic moments are higher than the apparent
ones, as expected. These results agree with the Monte Carlo simula-
tions performed by Kechrakos et al. [76], who proposed that dipolar
interactions act minimizing the magnetic response of granular mag-
netic systems. Remarkably, in concentrated systems, (u.y) first in-
creases at low temperature before it then starts the expected decreasing
trend. Such maximum can be due to a restriction of the ISP model,
especially at those temperatures in which a significant percentage of
nanoparticles are still blocked. Unlike the results obtained from the
classical Langevin equation, where all (u,,) values are all of the same
order of magnitude for every samples, in those obtained from the ISP
model there is a strong growth of (u.,) with NPs concentration, as
shown in Fig. 7 and Table 4. The corrected number of magnetic
moments per unit volume in superparamagnetic state (Nco) is also
listed in Table 4. In all samples, a higher value of this parameter is
observed as the temperature increases, which is expected because the
increase in temperature causes more nanoparticles to pass from the
blocked state to the non-blocked one. In summary, based on obtained
parameters it is possible to infer that for the concentrated nanocom-
posites, the ISP model interprets that there are fewer but larger
magnetic moments per unit volume, which is in agreement with the
formation of more compacted NPs aggregates (as it is seen by SAXS)
and to the potential coherent collective behavior, as was inferred by the
analysis of the thermal variations of the saturation magnetization using
the modified Bloch law.

4.5. Temperature dependence of the AC magnetic susceptibility

From the results of AC magnetic susceptibility studies, we deter-
mine the empirical parameter known as the Mydosh parameter @ [77].
From this, the strengthening of the interparticle interactions can be
qualitatively followed. Such parameter can be calculated from the
imaginary part of the AC susceptibility according to the equation:
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Fig. 7. Temperature dependence of apparent (black symbols) and corrected (red symbols) magnetic moments for all studied magnetic composites. (For interpretation of the references
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ATy
Ty Mlog (/)
Alog (f)[78], with f as the measuring frequency (temperature depen-
dence of the AC magnetic susceptibility is shown in the Supplementary
material. Fig. 5.SI). The calculated ® value for the most diluted sample
(So.59%) is close to the value expected for weakly or non-interacting
nanoparticle systems (~0.1) [50,70,78], while for the intermediate
samples (S3y and Sise), @ ranging between 0.7—0.8, which is
characteristic of nanoparticle systems with intermediate interactions
[79] (see Table 5). For sample Ssgy, ®=0.06, result that could be
related to the manifestation of strong interparticle interactions.
According to the superparamagnetic theory, the nanoparticle
magnetic moment relaxation time 7, must take values of between
107 and 107'%s. There are two common approaches to extract the
relaxation time: these are the Néel-Arrhenius (N-A) and the Vogel-
Fulcher (V-F) laws. By using the N-A law, several works reports
unphysical values for relaxation time, arguing that the nanoparticle
interactions effects lead to underestimate the reversion time of the
magnetic moment [50,53,70,80]. In our samples, the use of the N-A
law also leads to obtain low values without physical meaning. The
results obtained by N-A law are displayed at the supporting informa-
tion. With the aim of to consider the dipolar interactions among

being AT{,, the relative variance measured in the

Table 3
T* values obtained by means of Eq. (7). Dipolar energy (ep) values are also presented.

nanoparticles, the V-F law, as the ISP model, uses a fictitious
temperature to simulate the effect of long-range dipolar forces. The
V-F law is given by:
KFv
r=1Fexp| —L— v |
kg(T = Ty") 8)

where 7 is the measuring time window, 7" is the relaxation extracted
from V-F law, Kg‘j/f is the effective anisotropy constant, V is the
nanoparticle volume and 7y is the fictitious temperature above
mentioned, that is directly proportional to the strength of interparticle
dipolar interaction (VF superscripts indicates that the parameters are
linked with V-F law). The best fitting results according to V-F law are
presented in Fig. 8. and registered in Table 5. As can be seen, suitable
relaxation time values around of ~107° s were found for all samples. It
is also noticed that the magnitude of the anisotropy (~10° erg/cm?) is
closer to that previously extracted from de coercivity analysis and, are
good agreement with those found for systems composed of mono-
domain magnetic nanoparticles [70]. Moreover, the expected tendency
of Ty¥ was found, i.e., it increases proportionally with the nanoparticle
concentration, which is in good agreement with the systematically
strengthening of the dipolar magnetic interactions.

So.5% S3% S15% S30%
T (K) T*(K) ep (10713 erg) T*XK) ep (10713 erg) T*X) ep (10713 erg) T*(X) ep (10713 erg)
20 1063 1.5 1605 2.2 3122 4.3 14,488 20.0
50 1048 1.4 1571 2.2 3067 4.2 14,217 19.6
100 1018 1.4 1529 21 2990 4.1 13,886 19.1
200 931 1.3 1409 2.0 2748 3.8 12,776 17.6
300 799 1.1 1219 1.7 2365 3.3 11,028 15.2
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Table 4
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Best fitting parameters for samples So 59, S3o%, S159% and Szoy obtained from ISP model for selected T values.

S0.5% Sz Si59% S309%
T(K) Nco (107 em™) o (o) (10%u5)  Neo 107 em™) o (uco) (10%u3)  Neo 107 em™) o (uco) (10%ug)  Neo 10 em™) o (uco) (10%up)
20 4.2 0.7 40.2 3.2 0.5 61.2 2.2 0.3 98.8 4.8 0.3 457
50 5.7 1.10 37.7 3.7 0.81 54.7 2.1 0.37 99.9 4.7 0.39 461
100 5.7 149 32.6 4.4 1.01 46.9 2.2 0.52 96.7 5.2 0.60 435
200 7.8 1.29 271 4.6 1.04 426 2.4 0.66 85.1 5.7 0.67 364
300 7.8 1.22 237 4.6 0.98 39.9 2.7 072 724 6.8 0.77 284
Table 5
Parameters 7", K)}f and 73" obtained from the fitting of ln(r)vs.l/TA’/’,xX according to e
Vogel — Fulcher law for samples Sg 59, S309%, S15% and Szge. Mydosh parameter @ is also I =
registered. = ey
o
£ e
Sample " () K (erg/em®) " (K @ 8 S 929K
So.5% 8.1x10°° 1.9x10° 48.3 0.09 0 300 600 900 1200 1500
S 1.2x107° 2.2x10° 50.4 0.08 : -
Sis% 3.3x107° 8.8x10° 71.2 0.07 g
Sao% 1.1x107° 8.3x10° 76.2 0.06 5
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Fulcher law.

4.6. Zero-field-cooling and field-cooling curves analysis

Owing to the larger sensitivity of the zero-field-cooling (ZFC) and
field-cooling (FC) magnetization curves, these are very useful experi-
mental measurements to observe smooth changes between similar
systems. Despite that the framework behind these curves is based on
highly ideal systems, in the remaining sections we will use the
information obtained from these curves, together with the previous
structural and magnetic results, to check its consistency against
experimental data obtained from diluted and concentrated systems
studied here.

Fig. 9 shows the ZFC/FC experimental curves (symbols) of the
studied magnetic composites. As can be clearly seen, for increasing the
nanoparticle concentration in PVA matrices, the maxima of the
experimental ZFC curves (T%4.%) shift to higher temperatures.

114

ZFC/FC curves constructed using the parameters obtained from ISP and Vogel-Fulcher
models. The constructed curves of the samples S5 and S are plotted in a different
layer for scaling reasons. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Regarding to the overall shape of the ZFC/FC curves, one can see that
those samples with lower nanoparticle concentration (Sy59 and Sso;)
are characteristic of weakly interacting superparamagnetic systems
[18,19,25,26,81-83]. On the other hand, the shape displayed by the
concentrated samples (S;50 and Szgy) presents a broader peak, which
is representative of systems with strong or moderate interparticle
dipolar interactions [23,83,84]. These features are new confirmation
that the magnetic response of the studied magnetic composites can be
tuned by varying the nanoparticle concentration into the PVA matrices.

Fig. 9 also shows that for all samples, the irreversibility temperature
is different from the maximum displayed by the ZFC curves, because to
a distribution of blocking temperatures [18,82]. That distribution of
blocking temperatures f(7g), can be obtained from the derivative
%(Mzrc — Mc)[85,86] (Fig. 6.SI). From it, the mean blocking tem-
perature (7g) was extracted to then use it to calculate the anisotropy
constant through Kéﬁr-B) = M[I&SH (the superscript indicates that
the anisotropy constant was obtained using (7 )). Using that functional
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Table 6.

Calculated anisotropy constant K;;m. Parameters Kel/:}‘, Tg, 7o (defined in the text)
obtained from the ZFC/FC curves fitted with Egs. (9) and (10). Noted that the superscript
indicates that the anisotropy constant was obtained using KL;]TB> = 25kp(Tp)/V or from

the ZFC-FC fitting procedure as the case.

Sample TES (K) K<;B> Fitted parameters obtained using Egs. (9)
$
(1(‘)5 erg/cm3) and (10)

Kt 10%ergy T () 70 ()

cm®)
So.5% 125 6.3 1.1 73 1.4x1071
S39 150 8.5 1.2 82 1.1x10712
S50 236 9.1 2.1 160 9.3x107%°
Ss00% 240 11.1 24 163 8.2x1071¢

relation, we obtained K(/»'=6.3x10° erg/cm® for the most diluted

sample, and Kég,:‘”:l.lxlo6 erg/cm? for the most concentrated sample
(all values are registered in Table 6). It is clear that an increase in (73)
brings a proportional growth of th/;w. Therefore, for concentrated
composites, in which the mean blocking can be distorted by the
nanoparticle interaction action, the obtained anisotropy constant
values are restricted by this fact. These results corroborate previous
studies that indicated that spurious parameters could be obtained from
magnetic data, if the effect of interactions and a proper analysis of the
nanostructure are not considered [29,82,84].

Comparing the effective anisotropy values obtained for the diluted
composites it is possible to note than those acquired from V-F law
(1.9x10° and 2.2x10° erg/cm?® for samples Sy 55 and Sso, respectively)
and from the extrapolation of the linear fit of Hevs. T2 (1.1x10° erg/
em?® for Sp 54 and Ss) are in good agreement. The slight differences
could be related to temperature threshold in which the approaches act.
i.e. the experimental data used in the V-F analysis came from an AC
measure which was performed for a temperature range between 5 K
and 300 K, this means the anisotropy value extracted from this
approach carries information of both blocked and superparamagnetic
states, while the anisotropy value obtained from the Hc(T) emerges
from a DC measures and it is restricted to lower temperatures,
particularly for T< Ty ranges in which the larger nanoparticles
maintain their blocked state.

To complement the above results, we fit the ZFC/FC data of all
samples using the superparamagnetic model for non-interacting par-
ticles. Such model stipulates that the zero-field-cooled magnetization of
a system of noninteracting particles with a distribution of blocking
temperatures is [18,81,82,88-91]:

)1 T ®
[ln(r—o);_/o Tpf (Tp)dTp + _/T f(TB)dTB]v ©)

where f (Tp) is the distribution of blocking temperatures (assumed as a
lognormal distribution according to the already obtained information);
Ms is the saturation magnetization; H is the applied magnetic field; T
and Ty are the absolute and blocking temperature, respectively; K4 is
the anisotropy constant and; 7,, and 7, are the measurement and
characteristic time, respectively. The first integral denotes the con-
tribution of the superparamagnetic particles, whereas the second
corresponds to the blocked ones. Regarding My, the nanoparticles
contribution to the magnetization below Tj is not randomly orientation
of moments. In this case it is assumed to be the magnetization value at
the blocking temperature [18,82]. Thus, one can write the FC magne-

tization as
T 1 T oo
||| = [ Tt TodTy + [ f @ty
7 JLT Jo T

For fitting purposes, in the above expressions H=50 Oe, 7,,,=100 s
and Mg (obtained from M vs. H curve of at T=300 K) were held fixed.
The fits for the experimental data according to Egs. 9 and 10 are shown

MZH
Mzpe(T) = 35

Ko

MZH
eff

Mpc(T) =
ke (T) (10)
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in Fig. 9 (red dashed line). As can be seen, for the diluted samples
(So.s%6 and Sso) the fitted curves show good agreement with the
experimental data, whereas for the concentrated samples (S;5e and
S30%) the fitted curves do no match with the experimental ones, even
considering they are the best fits obtained in the framework of the non-
interacting superparamagnetic model. From these fits the anisotropy,
blocking temperature and relaxation time were obtained (see Table 6).

Examining these results it is possible to note that for diluted
samples, the fitted values of Kef?i’ match in the order of magnitude with
those presented in previous magnetic sections, while for concentrated
systems this parameter keep the tendency to increase. Therefore, the
obtained parameters associated to the concentrated samples and
presented in the currently section must be considered as a qualitative
approximation, because the used approaches (ch}*3> = Bkls) o) Mypc-
My equations) are founded on the framework of the non-interacting
superparamagnetic theory.

The characteristic time (zp) is another significant parameter
obtained from the previous analysis. For samples Sy 59 and Sse7 has
value of 1.4x1071! s and 1.1x107'2 s, respectively. It is noteworthy that
these values are in the expected range for weakly interacting super-
paramagnetic systems [90]. On the other hand, for the concentrated
samples, unphysical smaller values were found: 7,=9.3x107'°s and
7=8.2x1071% 5 for samples S;5¢ and Ssoe, respectively. In summary,
we can affirm that the two diluted samples are closer to the super-
paramagnetic behavior and can be treated accordingly, which is not the
case of the concentrated samples studied here. It is also notable that
the 7y displays unphysical values for samples S;50 and S3ge When it is
determined from the Néel-Arrhenius formula (see Supporting
Information).

4.7. A re-interpretation based on the construction of the ZFC/FC
curves from ISP and V-F results

We have shown that the classical superparamagnetic theory can be
applied on the diluted samples to obtain coherent values of the
magnetic parameters. Nonetheless, by using models that consider
interactions between magnetic entities (for example ISP model or the
Vogel-Fulcher law) such values can be refined. For samples Si5¢, and
S30%, in which the strength of the magnetic interparticle interactions is
higher, using such models leads to inconsistent results; for example,
nanoparticle sizes and magnetic moments several times larger than the
real ones, un-physical values for the moment relaxation time and
overestimated values for the anisotropy.

In order to visualize how good those current models are to depict a
real nanogranular material like our magnetic composites, we used data
obtained from ISP model and Vogel-Fulcher law, which gave the most
accurate values, to rebuild the ZFC-FC curves and compared them to
the experimental ones. To do this, we simulate the Egs. (9) and (10)
using the obtained parameters (uco), Nco, 75 and Ky, and the
experimental parameters H and 7,,, (50 Oe and 100 s, respectively).

First we must calculate the magnetic volume (V/F) of the entity
with a magnetic moment equal to the corrected one obtained from the
ISP analysis ({sco)y_300x)- Therefore, we used the theoretical magnetic
moment of a single magnetite nanoparticle with a diameter of 8.4 nm
(corresponding volume 3.1x107'%em® and 000 © 21.6x103%,).

<)‘CO>T:300K

Such magnetic volume can be calculated by V** = Viyp and

Hitheoretical

their equivalent blocking temperature can be determined from the

TISP/ VF _

functional definition: T = Ke‘?f VISP Ikp ln(%] (all values are regis-
: o

tered in Table 7). The saturation magnetizations can be calculated by
MEP = Neo{pco)- Based on the above results, we assume a lognormal
distribution and owing to the direct proportionality among the blocking
temperature, the nanoparticle volume and its magnetic moment, we
assume that the o obtained from the lognormal magnetic moment
distribution (from ISP results at T=300 K) can be used to build a
lognormal distribution of blocking temperatures.
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Table 7

Used values for the construction of the ZFC/FC curves and the calculated distance
between magnetic entities (d,—,) from the ISP model. Superscripts indicate that the
values were obtained from the ISP and/or V-F analysis.

Sample (kCO)T=300K VISP (cm®) T{SPIVF (K) dy—, (nm)
Htheoretical

So.5% 1.1 4.1x107% 25 7

Sao 1.9 7.2x1071° 46 9

Sis% 3.5 1.3x10718 343 14

S30% 13.2 5x10718 1190 21

The constructed ZFC/FC curves are shown in Fig. 9 (blue dashed
lines). Even though these curves are built from values obtained from
the analysis of M vs. H curves and AC measurements there is
remarkable agreement between them and the experimental results
for the samples Sy 59, and Sz. This is not the case for samples S; 54 and
S30%, which do not match with the experimental data and whose shape
and the position temperature peak can be associated with larger
monodomain magnetic entities.

Since the ZFC/FC curves describe the thermal dependence of the
magnetization of single magnetic entities and noticing that the
(o )7—300k Mihcoreticar TALO is around 1 for the most diluted sample.
We can conclude that the magnetic volume of a single magnetic entity
in the sample Sy 54 is almost the same as the theoretical one of a single
magnetite nanoparticle of 8.4 nm. Reason for which, the experimental
and constructed ZFC/FC curves display a distinctive correspondence.

On the other hand, the increase in the nanoparticle concentration
carries with it a progressive divergence between the experimental and
constructed ZFC/FC curves as well as among the calculated magnetic
volume of a single entity and the nanoparticle volume. Such that for
sample Ss3o the magnetic volume of a single entity is 1.9 times the
volume of a single magnetite nanoparticle of 8.4 nm and for the
concentrated samples Sy50, and Syse this is 3.5 and 13.2 times larger,
respectively.

Bearing in mind the phenomenological basis of the ISP model and
remembering that from SAXS analysis was detected a gradual growing
of aggregates, being these more compact at larger nanoparticle con-
centration. In summary we can say that for the concentrated systems
presented here, the ISP model identifies aggregates of nanoparticles as
single and larger magnetic entities, who have a volume and a unique
magnetic moment equivalent to the sum of the NPs volumes and NPs
magnetic moments that constitute every aggregate. A schematic
representation of the hypothesis proposed here is shown in the inset
of Fig. 9.

5. Conclusions

Two diluted and two concentrated granular superparamagnetic
composites, synthesized by loading different amounts of magnetite
nanoparticles in polymeric matrices, were used to better understand
the crossover between weak interacting and collective behavior,
mediated by dipolar interaction effects.

The superparamagnetic and the interacting superparamagnetic
models as well as the Vogel-Fulcher and Bloch laws, among others
approaches, were employed in order to get a complete picture of the
interaction strengthening effect on the magnetic response. The ob-
tained results reveal different scenarios for diluted and concentrated
nanocomposites. These suggest that for diluted composites, the mag-
netic nanoparticles are weakly interacting and the magnetic behavior
can be associated to the individual nanoparticles comportment.
Whereas in concentrated samples the system progresses to interacting
superparamagnetic or collective behavior due to the fact that interac-
tions become more relevant.

Several approaches were employed to obtain the most representa-
tive magnetic parameters, some of them are the anisotropy constant
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and the relaxation time. Remarkably that for concentrated samples,
larger and possibly overestimated values of K.z were found, while
unphysical and lower values were detected for 7. We found that the
mentioned inconsistencies should be related to the models restrictions
in the case of strong magnetic interactions. Then, Vogel-Fulcher law
was used to determine a more accurate values of these two parameters;
obtaining coherent values of approximately K,z ~10° erg/cm® and
70~107° s for all samples. Considering the framework behind the ISP
model and the obtained results, it is possible to conclude that for the
concentrated nanocomposites studied here, this model describes
compacted agglomerates of nanoparticles as if they were single
magnetic entities. This fact was also reflected in the simulated ZFC/
FC curves.
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