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In this work, aqueous solutions of magnetite nanoparticles (NPs) are studied. Magnetite NPs are very useful in biomedicine for
magnetic resonance imaging (MRI), for drug delivery therapy, and also for hyperthermia. In order to predict the NP efficiency
in these applications, it is crucial to accurately characterize their size distribution and their magnetization. Magnetometry,
through the dependence of NP magnetization on the magnetic induction (MB curve), can provide interesting information on
these physical properties. In this work, the extraction of the NP size distribution and magnetization from experimental MB
curves of aqueous solutions of magnetite NPs is discussed. The results are compared to TEM and XRD characterizations. It is
shown that an expression taking into account the size distribution better fits the results than the commonly used simple
Langevin function. The size distributions obtained by magnetometry seem comparable to those obtained by TEM
measurements. However, a closer look at the results shows some nonnegligible discrepancies: the size distributions obtained by
magnetometry vary with the temperature and are closer to the TEM ones at room temperature. Our study suggests that it could
be explained by the nonnegligible anisotropy energy of the NPs at low temperature and the lack of NP Brownian rotation below
the freezing point of water. This demonstrates that care must be taken when interpreting the results obtained by magnetometry

of magnetite NPs: only the size and size distribution obtained at room temperature should be used.

1. Introduction

L1. Applications and Importance of NP Characterization.
Magnetite nanoparticles (NPs) are very useful in biomedicine
[1]. They find their applications as contrast agents in mag-
netic resonance imaging (MRI), for drug delivery therapy
and also for hyperthermia. Each application requires NPs of
specific size: in MRI, for example, large NPs (60-150 nm)
are used for liver or spleen imaging because they are immedi-
ately captured by these organs, while small NPs (<40 nm) are
used for MR angiography or lymph node imaging because
they stay longer in the bloodstream [2]. For drug delivery
and hyperthermia, the NPs have to be small enough so that
a longer lifetime in the bloodstream allows them to reach
the targeted organs. Developing reliable methods to know
the NP size is thus crucial.

Furthermore, the NP size is one of the key parameters
that drives the efficiency in each application. In MRI, for
example, the NP “contrast agent effect” arises from their abil-
ity to locally decrease proton relaxation times [3]. Relaxation
is the process by which the proton magnetic moments come
back to equilibrium after a radiofrequency perturbation. Due
to the presence of magnetic NPs, relaxation times are short-
ened and the image contrast is enhanced in regions where
they are concentrated [3]. However, an optimum NP size
exists to achieve this, from 30nm to 400 nm depending on
the type of magnetic particles [4].

In drug delivery therapy and hyperthermia, NPs are
excited by a high-frequency alternating magnetic field [5-
11]: it locally rises temperature in targeted organs which
causes tumor cell destruction by thermally activated drug
release [7, 9-11] and/or by thermal shock inducing apoptosis
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[6-8, 10, 11]. The heating is dependent on the hysteresis loop
area which is strongly linked to NP size distribution. There
also exists an optimum size to maximize this heating [9, 12,
13]. In drug delivery therapy, targeting is usually carried
out using antibodies or pH changes in targeted organs but
can also be done using magnetic NP carriers guided magnet-
ically [10, 14, 15].

NP magnetization also plays a key role on the efficiency
in biomedical applications. The larger the magnetization is,
the better it is: the NP efficiency as contrast agent depends
on the dipolar magnetic field they produce which will be
larger for larger magnetization. Similarly, heating in drug
delivery or hyperthermia technique is directly proportional
to magnetization since a larger magnetization also increases
the hysteresis loop area. That is why magnetite NPs are com-
monly chosen for these applications: if they are small enough
(typically when their radius is smaller than 100 nm), magne-
tite NPs are composed of only one single Weiss domain and
then have a “super” magnetic moment y.

1.2. Superparamagnetism and Langevin Law. This type of
magnetism is not only called superparamagnetism because
of this large magnetic moment but also because only mag-
netic energy uB and thermal energy k;T are taken into
account like in paramagnetism: global sample magnetization
of a superparamagnetic sample can be calculated with the
Boltzmann statistics. When only these energy terms are taken
into account, the magnetization is proportional to the Lange-
vin function

L(&) = coth (§) - % (1)

where & = uB/kgT, ky is the Boltzmann constant, T the tem-
perature, y the NP magnetic moment, and B the magnetic
induction. The Langevin function, and thus magnetization,
is equal to zero at zero magnetic induction which is also a
characteristic of paramagnetism. On the opposite, it saturates
quickly to 1 when magnetic induction increases which is typ-
ical of superparamagnetism.

When the Langevin function is used, it is important to
keep in mind that anisotropy energy is not taken into
account. Anisotropy energy K, V, where K, is the material
anisotropy constant and V' the NP volume, is usually intro-
duced to reflect the presence of easy NP axes of magnetiza-
tion while others are hard axes of magnetization. Since NPs
are very small, anisotropy energy is very low: the NP mag-
netic moment can overcome the anisotropy energy barrier
AE, thanks to thermal energy and jump from one easy direc-
tion to another. The characteristic time between two jumps is
called the “Néel relaxation time”:

Ty = TOEAEA/kBT, (2)

where 7, is the characteristic time of magnetite which is in
the 107 - 105 order of magnitude and AE, =K,V in
the simplest case where the NP is characterized by only one
anisotropy axis. This phenomenon is called Néel relaxation
and is responsible for the zero global sample magnetization
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at zero magnetic induction and at room temperature in pow-
der samples.

In unfrozen aqueous solutions, NPs are free to rotate so
that they can change the orientation of their anisotropy axis
to the magnetic field and minimize the magnetic energies.
This second relaxation is called “Brown relaxation” and its
characteristic time is

_3nVy

bl 3
Tp kBT ( )

where # is the liquid water viscosity and V; the hydrody-
namic NP volume (magnetic core + coating). If T >273.15
K, both relaxation mechanisms are present and the resultant
relaxation characteristic time 7 is

= 4y (4)

Néel relaxation is dominant for small NPs (r <9nm)
when 7y < 75, and Brown relaxation in liquid water is dom-
inant for larger NPs (r > 9nm) when 7y > 7 [12]. The mea-
surement characteristic time for a vibrating sample
magnetometer is 7,, = 0.1 - 10s. 7,,>>75 (at least 10 times
larger) is verified as long as the NP hydrodynamic radius
ry < 115nm. Brown relaxation is thus sufficient: NPs are
always free to rotate during measurement. Consequently,
the average magnetic moment, given by the Langevin func-
tion, is measured.

For lower temperatures (T < 273.15K), i.e., frozen water,
only Néel relaxation occurs. The NP magnetic moment is
blocked in one energy minimum if 7, < 7). On the opposite,
it can switch if 7., > 7: consequently, the average magnetic
moment, which is given by the Langevin function, is mea-
sured. At a specific temperature T, the condition 7,, > 7y
gives a condition on the radius:

3k T In (7,,,/7)
4nK ,

r< =rp. (5)

This means that, at a specific temperature T, all NPs
larger than the blocking radius r; have their magnetic
moment blocked. So, these NPs can contribute to a nonzero
magnetization at zero magnetic induction if they were mag-
netized before. Considering 7,=10s and 7,,=10""5s as
given before, the maximum value for In (7,,/7,) is 32. On
the opposite, considering 7, = 0.1sand 7, = 107 5, the min-
imum value for In (7,,/7,) is 18. In this work, 25 was arbi-

trarily chosen as the mean value. If one considers
K, = 15000 J/m> [10, 16-19], the blocking radius rj is equal
to 12nm at 300K, 8 nm at 100K, and 2nm at 2K.

1.3. Characterization Issues. NP characterization is thus
essential. However, measuring NP size is not straightforward.
Depending on the technique, only the magnetic core size is
observed or the entire entity (magnetic core+ coating).
Transmission electron microscopy (TEM) or X-ray
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diffraction (XRD) allows the determination of the magnetic
core size. That is also the case with magnetometry which
studies the evolution of magnetization with the magnetic
induction and temperature. On the opposite, dynamic light
scattering (DLS) or NMR relaxometry which studies relaxa-
tion times at varying magnetic fields provides the hydrody-
namic size. Care should thus be taken when comparing
values obtained with different techniques.

NPs are generally not monodispersed, i.e., they are char-
acterized by a size distribution. Since a size distribution is
always present, the different techniques will yield different
mean NP sizes. Indeed, for each technique, the NP contribu-
tion is different [20]: in magnetometry, the signal is propor-
tional to r* while in relaxometry it is proportional to r°. In
both cases, large NP weighting is higher than for small ones.
As a result, the mean NP size is artificially overestimated.
This is even more marked in relaxometry. One way to solve
this issue (at least partly) is to take into account the size dis-
tribution in the experimental curve adjustment. This solution
can be rather easily implemented in magnetometry as shown
in many papers before [16, 21-27].

Indeed, it has been shown that NP size distribution can
be estimated by adjusting magnetization in function of the
magnetic induction (MB curves) with a relatively good preci-
sion [16, 22, 23, 25-27]. If many papers have studied single
MB curves (at one single temperature), none of them has
evaluated the NP size via a set of MB curves obtained at dif-
ferent temperatures. Most of the studies performed this esti-
mation at room temperature [16, 23, 25-27]. However, the
sample was cooled down before the measurement in Vaish-
nava et al. [22]. Does temperature influence the NP size eval-
uation via MB experiments? This question will be studied in
this paper. TEM results will be used as reference.

2. Materials and Methods

2.1. Solutions. Four aqueous solutions (S1, S2, S3, and S4)
containing magnetite/maghemite (Fe,O,/Fe,0;) NPs were
ordered from Ferropharm Gmbh (Teltow, Germany). NPs
are coated with sodium citrate to avoid clustering. According
to Ferropharm Gmbh, each solution has an iron concentra-
tion of 500 mM.

2.2. XRD. X-ray diffraction (XRD) was performed in the
Department of Materials Science of UMONS with a
Bruker D5000 (Billerica, MA, USA) on lyophilized
powders of the solutions, using an anticathode made of
copper and a wavelength A=0.15406 nm (K, spectral
line). XRD profiles were acquired at room temperature
with a 9.6s time step and a 0.02° angle step from 25° to
70°. Peaks overlapping confirmed that solutions contained
a magnetite/maghemite mixture even if maghemite peaks
were predominant.

2.3. TEM. Each solution was diluted to obtain an iron con-
centration of 0.1-0.5mM. This new solution was sprayed on
gold grids covered by a formvar film from Agar Scientific
Ltd. (Stansted, UK). Vaporization avoids cluster formation
during evaporation. After 24 h drying, transmission electron

microscopy images were carried out in the Histology Unit of
UMONS with a LEO 906E microscope (Zeiss, Germany)
operating at 80 kV. Image] software was used to size manu-
ally at least 200 NPs for each sample. Finally, a histogram
with 21 to 27 bins was created and adjusted with a lognormal
size distribution:

1

o (In riry) 1207 , (6)
ro\/2m

flog(r’ 19:0) =

where 7 is the median radius and o the radius natural loga-
rithm standard deviation. TEM results are given in Table 1.
Gaussian distribution is sometimes used in the literature
but this distribution is less usual. Lognormal distribution
allows to represent an asymmetric distribution in the NP
sizes, with less small NPs and more large NPs, and was pre-
viously introduced by Chantrell et al. [21] and O’Grady and
Bradbury [28]. For our samples, lognormal distribution
works slightly better than Gaussian distribution to adjust
the TEM histograms: average Ridj for all samples is equal to

0.9598 for lognormal distribution fitting compared to
0.9375 for Gaussian distribution fitting.

2.4. Magnetometer. For the magnetometric experiments, a
vibrating sample magnetometer (VSM) from Cryogenic
Ltd. (London, UK) was used. Sample temperature ranges
from 2K to 315K, and the maximum magnetic induction is
5T. The theoretical sensitivity is 10~ emu. For the first step
of calibration, sample height is fixed to maximize the signal
detected in the two detection coils. Then, amplitude signal
is tuned to the signal of an Yttrium-iron reference ball from
National Institute of Standards & Technology (Gaithersburg,
MD, USA). Its mass is 2.836 mg, and its magnetic moment is
equal to 78.3-10 " emu at 0.5 T and 298 K.

2.5. Experiments. All samples were prepared under a fume
hood to avoid contamination by impurities. Sample vials in
polyethylene from Sigma-Aldrich (Saint Louis, MO, USA)
are filled with 50 gl of solution. MB curves have been per-
formed from 5T to -5T at 100K, 200K, 275K, 300K, and
315K. Samples were cooled from room temperature under
zero magnetic field at around 1 K/min.

2.6. Data Processing. No paramagnetic signal has been
observed on any of the samples as it is sometimes the case
for such NPs because of surface disorder [29-31]. Only the
decreasing diamagnetic signal coming from water and from
the sample vial was present at high field and was in the order
of magnitude of expected water contribution. This diamag-
netic signal was subtracted by considering that as soon as |
B| >2.5T, the observed small signal decrease was only due
to diamagnetism. All the points corresponding to B> 2.5T
and B<-2.5T were simultaneously adjusted with two linear
expressions (pB+ cst and pB — cst, respectively). For each
MB experiment, the magnetic moment was corrected using
Heorr = Hmes _pB

Iron concentration of each solution was determined by
Inductively Coupled Plasma-Atomic Emission Spectroscopy
(ICP-AES) after microwave digestion in 8 ml nitric acid
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TaBLE 1: Saturation magnetizations measured in MB curves (first part of the table). Results of MB curve fitting obtained with lognormal size
distribution fitting (LDF) and simple Langevin fitting (SLF) (i.e., no size distribution); size distribution from TEM.

MB S1 S2 S3 S4
100K M, (emu/g Fe) 114.1 (3.4) 114.8 (3.4) 103.9 (3.1) 104.4 (3.1)
200K M, (emu/g Fe) 104.8 (3.1) 107.3 (3.2) 98.0 (2.9) 97.3 (2.9)
275K M, (emu/g Fe) 99.4 (3.0) 100.0 (3.0) 922 (2.8) 89.3 (2.7)
300K M, (emu/g Fe) 95.1 (2.9) 96.4 (2.9) 89.0 (2.7) 87.1 (2.6)
315K M, (emu/g Fe) 93.3 (2.8) 94.4 (2.8) 86.9 (2.6) 85.0 (2.5)
00K ro(nm) 2.05 (7) 2.67 (7) 227 (7) 1.86 (5)

o 0.4176 (43) 0.2956 (18) 0.4182 (38) 0.4704 (27)
00K ro(nm) 2.95 (8) 3.22 (8) 2.95 (8) 2.45 (7)
o 0.2910 (31) 0.2132 (25) 0.3859 (30) 0.4184 (29)
LDE 5K 7o(nm) 3.41 (9) 3.46 (9) 3.88 (11) 2.92 (9)
o 0.2084 (30) 0.1684 (35) 0.3049 (27) 0.3683 (34)
300K 7o(nm) 3.52 (10) 3.53 (9) 3.96 (11) 2.99 (9)
o 0.2057 (35) 0.1572 (39) 0.2971 (26) 0.3640 (37)
315K ro(nm) 3.59 (10) 3.60 (10) 4,08 (11) 3.07 (9)
o 0.1803 (41) 0.1443 (49) 0.2859 (24) 0.3488 (35)
100K ro(nm) 3.30 (9) 3.37 (9) 3.62 (10) 3.42 (10)
200K ro(nm) 3.77 (10) 3.68 (9) 442 (12) 4.04 (11)
SLF 275K 7o(nm) 3.90 (10) 3.78 (9) 5.00 (13) 4.35(11)
300K 7o(nm) 3.94 (10) 3.82(9) 5.05 (13) 442 (11)
315K ro(nm) 3.97 (10) 3.85 (9) 5.12 (13) 443 (11)
TEM ro(nm) 3.170 (26) 3.228 (30) 3.622 (43) 3.32 (5)
o 0.183 (8) 0.227 (9) 0.247 (12) 0.291 (16)

(HNO,)+2 ml hydrogen peroxide (H,0,). These concentra-
tions were used to normalize all our magnetic measurements
in order to obtain the NP magnetization.

A Levenberg-Marquardt algorithm has been used for all
the fittings.

3. Theory

If all NPs are in 7, > 7y state and if their anisotropy energy
can be neglected, the Langevin function L(&) can be used and
the dependence of the sample global magnetization on the

magnetic induction (MB curves) is given by [32-34]

M(B) - %J?#L (,g—i)flog<r>dr, %

where y = M,(T)V is the magnetic moment of one NP, (V) is
the mean NP volume, and M(T) is the saturation magneti-
zation at temperature T and is supposed to be independent
of the NP radius. The integral sums on all the radii of the size
distribution f), (7).

4. Results and Discussion

TEM histograms with the corresponding lognormal distribu-
tion fittings are shown in Figure 1 for S2 and S3, and results
of the fittings are given for all samples in Table 1. For each
sample, median NP radius ranged from around 3.2 to
3.6nm (see Table 1). Distributions were relatively polydis-
persed: for example, NP radius ranged from 1.75 to 5.25 nm
for S2 and from 2 to 6 nm for S3 (see Figure 1).

MB curves at 315K, 300K, 275K, 200K, and 100K were
fitted with equation (7) with the two parameters of lognormal
distribution: median radius r;, and o. Saturation magnetiza-
tion M, is entirely reached: at 3T, magnetization is larger
than 99% (see Figure S1 in supplementary materials) of its
maximum value for all samples. For the fittings, saturation
magnetization was set to the maximum value obtained after
diamagnetic  correction. For comparison, the same
experiments were also fitted with a simple Langevin,
considering all NPs have the same radius r,. The data and
the corresponding fittings are shown in Figure 2 for S4 and
in Table 1 for all samples. Table 1 also allows a comparison
with the obtained TEM sizes.

Figure 2 shows that lognormal distribution fitting (LDF)
works much better than simple Langevin fitting (SLF). Mean
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F1GURE 2: MB curves from 0 to 0.5 T for S4 with (a) lognormal distribution fitting and (b) simple Langevin fitting.

adjusted Rﬁdj for all samples is equal to 0.9998 for LDF while
it is equal to 0.9982 for SLF. Furthermore, at 300 K, which is
the usual temperature of measurement in the literature [16,
23, 25-27], r, values for LDF are closer to TEM results than
r, obtained for SLF: as expected [20], r,, is overestimated for
SLF. This result confirms that taking into account the size
distribution provides a better estimation of NP size. Com-

pared to TEM results, MB curves at 275K and above give
globally a better estimation of size distribution.

Table 1 shows that there is a strong influence of temper-
ature on the parameters of LDF: when temperature decreases,
median radius r, decreases while ¢ increases. The trend
observed for r, is also present but less pronounced with
SLEF. Of course, this variation has no physical meaning since
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the sample remains the same. This unexpected experimental
result was never mentioned in literature before. To verify if
the Langevin law is suited to describe the experimental data,
the test generally used [35] is to plot normalized magnetiza-
tion as a function of B/T, the magnetic induction normalized
by temperature.

If the Langevin law is valid, MB curves obtained at differ-
ent temperatures should superimpose. However, this test was
only performed in the literature with monodispersed NPs.
Therefore, we first checked numerically that the normalized
magnetization of a polydispersed population of NPs follow-
ing the Langevin law was indeed superposing when plotted
as a function of B/T, as shown in Figure 3. The test thus
seems to work even for polydispersed samples: for each dis-
tribution, MB curves are very close, even if they are slightly
shifted down when temperature increases.

Experimental normalized magnetizations are represented
in Figure 4 for S2 and S3. MB curves at different temperatures
do not superimpose completely, and they are slightly shifted
up when temperature increases, so exactly the opposite of
what is expected from the numerical computation
(Figure 3). This deviation demonstrates that the Langevin
law is not suited anymore when temperature decreases.

This type of deviation was already predicted by Respaud
[35] based on the fact that anisotropy energy is not taken into
account in the Boltzmann statistics from which the Langevin
law is derived. Considering a same size for all NPs, he dem-
onstrated by numerical calculations that anisotropy energy
will be responsible of a visible deviation for points with & =
uB/kyT > 1 as soonas A =K, V/kzT > 2. That is exactly what
is observed in Figure 4: deviation is visible as soon as & > 1

which corresponds to B/T equal to around 0.0002 for S1
and S2, 0.00015 for S3, and 0.0004 for S4. Using TEM results
for the radius and standard deviation and K, = 15000 J/m?
[10, 16-19], calculations at 100K give 46% NPs satisfying A
> 2 criterion for S3 and 35% for S4. At 300K, it is only 6%
and 5%, respectively. So, the number of NPs contributing to
visible deviation from the Langevin law logically increases as
temperature decreases. Zero-Field-Cooling results (not
shown here) even suggest that K, for samples studied are
rather between 25000 and 35000 J/m>. With these K , values,
NP proportion satisfying A > 2 criterion at 100 K would be
80% for S3 and 75% for S4. At 300K, it would be still 25%
and 20%, respectively. These results confirm the predictions
of Respaud [35] and the fact that anisotropy energy has to be
taken into account in the Boltzmann statistics to obtain a good
determination of lognormal size distribution parameters.

It is therefore not surprising that the distribution para-
meters obtained by fitting MB curves are, compared to TEM
results, the best at room temperature and are the worst at
100K (see Table 1). Because of anisotropy deviation effect,
the Langevinlawisless andless relevant as soon as temperature
decreases. Because experimental MB curves are slightly shifted
up when temperature increases, which does not correspond to
what is expected for the Langevin law, LDF which uses the
Langevin law gives irrelevant size distribution results to fit to
the data. Indeed, when the temperature decreases, the median
radius r is artificially decreased and o is artificially increased
to compensate the difference between theory and experiments.

In liquid water, since all the studied NPs have a radius
ry < 115 nm, their magnetic moment is not blocked thanks
to Brown relaxation (see Section 1.2). It would thus be
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expected that, when T > 273.15K, Brown relaxation would
allow anisotropy axis alignment with magnetic induction.
In this hypothesis, no temperature deviation would be
expected anymore. In fact, a temperature dependence of
r, and o parameters is still observed when T >273.15K
(see Table 1). This result shows that temperature deviation
will occur as soon as anisotropy energy is not taken into
account in the Boltzmann statistics, no matter if only Néel
relaxation is present or if Brown relaxation also exists.
Indeed, Brown relaxation allows to reach global sample
magnetization equilibrium faster but this equilibrium is
only determined by magnetic, anisotropy, and thermal
energies. Thus, only A >2 criterion is important to deter-
mine if a deviation from the Langevin law will be observed
or not. Calculations have shown that even at 300K, there
are still 6% NPs satisfying A >2 criterion for S3 and 5%
for S4 (25% and 20%, respectively, according to ZFC
values) which explains why there is still an effect of tem-
perature on the values of r, and o obtained by fitting
MB curves when T >273.15K. In conclusion, care must
be taken in future studies: size distribution must be esti-
mated with a MB curve on a liquid sample at room
temperature (or even higher) to minimize the deviation
from the Langevin law caused by anisotropy.

5. Conclusion

It has been shown that NP size estimation is better with log-
normal distribution fitting (LDF) of MB curves than with
simple Langevin fitting (SLF) and that LDF is easy to imple-
ment. Furthermore, an unexpected result has been observed:
when temperature decreases, the obtained r,, decreases while
o increases. This is due to the fact that the Langevin law is not
completely relevant when temperature decreases: anisotropy

energy, not taken into account in the Boltzmann statistics,
becomes too strong compared to thermal energy. Calcula-
tions for our experiments at 100 K have confirmed that 46%
NPs for S3 and 35% for S4 contribute to visible deviation
from the Langevin law. A smaller temperature dependence
has been observed also for temperatures T > 273.15 K: Brown
relaxation does not totally prevent the temperature deviation
from the Langevin law. Only A > 2 criterion plays a role: cal-
culations have shown that even at 300K, there are still 6%
NPs for S3 and 5% for S4 that contribute to visible deviation
from the Langevin law. Therefore, it is better to estimate NP
size distribution with the fitting of MB curve of a liquid sam-
ple at room temperature (or even higher) to minimize devia-
tion anisotropy effect.

To go further, it could be interesting to try to adjust sev-
eral MB curves at different temperatures, including low tem-
peratures as 100K, with a model taking into account
anisotropy energy in the Boltzmann statistic law. Since the
Langevin law is no longer appropriate, numerical calcula-
tions would be necessary.

Moreover, comparing the results obtained with MB
curves to those obtained with FC-ZFC curves would also
bring additional interesting information even if it can com-
plicate the data interpretation.

Another interesting investigation topic would be to freeze
samples under strong magnetic induction. This would favour
a magnetization direction which would influence all follow-
ing measurements.

Data Availability

All the data are available on demand on my office computer
(UMONS).
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