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Magnetic and structural study of electric double-layered ferrofluid with MnFe2O4@γ -Fe2O3

nanoparticles of different mean diameters: Determination of the magnetic correlation distance
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Magnetic fluids based on manganese ferrite nanoparticles were studied from the structural point of view
through small angle x-rays scattering (SAXS) and from the magnetic point of view through zero-field cooling
and field cooling (ZFC-FC) and ac susceptibility measurements (MS). Three different colloids with particles mean
diameters of 2.78, 3.42, and 6.15 nm were investigated. The size distribution obtained from SAXS measurements
follows a log-normal behavior. The ZFC-FC and MS results revealed the presence of an important magnetic
interaction between the nanoparticles, characterized by a magnetic correlation distance �. The colloidal medium
can be pictures as composed by magnetic cluster constituted by N interacting particles. These magnetic clusters
are not characterized by a physical aggregation of particles. The energy barrier energy obtained is consistent with
the existence of this magnetic clusters. Besides the magnetic interaction between particles, confinement effects
must be included to account for the experimental values of the magnetic energy barrier encountered.
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I. INTRODUCTION

The study of magnetic properties of granular materials is
an interesting subject of research in the field of condensed
matter physics [1,2]. Due to their technological applications,
in particular in information-storage devices, much effort has
been devoted to understanding the magnetic behavior of these
systems under the action of external magnetic fields. In the
case of this type of device, grains are embedded in a solid
nonmagnetic matrix and only the grains’ magnetic moments
respond to the external field, since they do not rotate or diffuse
in the matrix. Different characteristics of the granular medium
are responsible for their magnetic properties, e.g., the size
distribution of grains, their shape, typical dimension, magnetic
moment, and magnetic anisotropy.

On the other hand, magnetic nanofluids or ferrofluids, are
colloidal dispersions of magnetic nanoparticles in a liquid
carrier [3,4]. The great interest in investigating the magnetic
properties of ferrofluids is due not only to their fundamental
aspects but also to their technological applications, e.g., heat
transfer [5] or sealing [6], as well as biological applications,
including cancer treatment by magnetic hyperthermia [7], drug
delivery [8], and contrast for magnetic resonance imaging
(MRI) [9]. In the case of magnetic fluids, particles are free to
rotate in the liquid medium, and different physical processes
may occur as a function of the external magnetic field. The
magnetic moment of the particle may align parallel to the
external field, without the physical rotation of the particle
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(Néel rotation), or the particle rotates itself to align the
magnetic moment parallel to the field (Brownian rotation) [10].
The different response time depends on parameters of the
particle, e.g., volume, magnetocrystalline anisotropy, and of
the fluid carrier, e.g., its viscosity. Among the experimental
techniques used to investigate the magnetic properties of
granular materials, the analysis of the magnetization under
conditions of zero-field cooling (ZFC) and field cooling (FC)
is widely used, as well as the ac magnetic susceptibility (MS)
of the system [11–13]. The ZFC-FC technique allows us
to determine the average blocking temperature (TB) of the
system, while the MS allows us to reveal the behavior of
that parameter under time-dependent fields. Interestingly, from
the magnetization measurements and appropriate modeling, it
is possible to extract the blocking temperature distribution,
which reveals the particles’ size-distribution function [1].
Nanostructured magnetic materials are often studied whether
to determine the complex ac susceptibility [14] or the field
dependence of the blocking temperature [15], and the coercive
field [16] as a function of temperature and changes in the
anisotropy constant [17,18] were investigated as well. Inter-
actions between nanoparticles were investigated [1,17,19,20]
also by calculations of dipole-dipole-coupled nanoparticles’
relaxation times [21] and through mean-field theory [22].

The analysis of the ZFC-FC magnetization curves is
highly improved if a complementary experimental technique
is employed. Among these techniques, small-angle x-ray
scattering (SAXS) is one of the most adequate. The advantage
of SAXS is that one can obtain directly from the scattering
intensity curve the size-distribution function of particles in
ferrofluids, and also evaluates the presence of clusters [23,24].
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From the magnetic measurements we are able to measure
the extent of the magnetic coupling between particles and
correlate it with the structural information provided by SAXS,
even if these particles are not grouped in clusters that
impose fluctuations in the electronic density function of the
medium. This aspect is particularly interesting in the physics of
magnetic colloids. Different correlation lengths exist, related
to the ordering of the particles. Particles may agglomerate in
physical clusters (dimmers, trimmers, etc.), characterized by
a positional correlation length and strong electronic density
spatial fluctuations. On the other hand, even in the absence
of physical clusters, the magnetic moments of the particles
introduce an additional correlation length, which informs how
the system respond to external magnetic fields, as isolated
particles or collectively (in a particular length scale, �, named
magnetic correlation distance). The magnetic correlation
volume �3 may be considered as a “magnetic cluster.”

In this work we investigate the blocking temperature TB ,
the magnetic susceptibility χ , the magnetic anisotropy energy
density K , and the size distribution function of magnetic
colloidal dispersions of MnFe2O4@γ -Fe2O3 core-shell ferrite
nanoparticles of different particles’ mean diameters. The tech-
niques employed are the ZFC-FC and SAXS. The existence of
physical and magnetic clusters is also investigated. The paper
is organized as follows: in Sec. II the theoretical background
is presented; Sec. III describes the materials and experimental
methods; Sec. IV includes the results and discussion, followed
by conclusions.

II. THEORETICAL BACKGROUND

Since the nanoparticles in a ferrofluid are sufficiently
small (typical size 10 nm) they have a single magnetic
domain [25]. Usually, at room temperature, ferrofluids are
superparamagnetic so the thermal energy is large enough
for the magnetic moment to overcome the anisotropy energy
barrier and flip between two equivalent directions along the
easy axis. The characteristic time of this process is described
by the Néel-Arrhenius equation [26]:

τN = τ0 exp

(
Ea

kBT

)
, (1)

where kB is the Boltzmann constant, T is the absolute
temperature, τ0 is the characteristic time, usually in the
range 10−9 s ∼ 10−12 s, and Ea = KV corresponds to the
anisotropic energy barrier, K is the magnetic anisotropy energy
density, and V the volume of the monodomain particle in the
absence of magnetic field. On the other hand, if the thermal
energy is not enough for the magnetic moment to overcome
the energy barrier between these two equivalent directions, the
particle is in the blocked state.

The temperature at which the system transits from blocked
to superparamagnetic state is the blocking temperature TB ,
which depends on the characteristic time τm of the exper-
iment performed to determine TB . In a system composed by
monodisperse particles of volume V0, the blocking temperature
is defined by

TB = KV0

kB log
(

τm

τ0

) . (2)

A common way to determine TB is keep τm constant and
change the system temperature. In the zero-field cooling and
field cooling protocol the sample is quickly frozen in the
absence of magnetic field, preserving the random orientation
of nanoparticle’s easy axis. In the following, a small magnetic
field (H = 50 Oe) is applied to the sample and the temperature
is raised until a maximum value. After that, the sample
temperature is slowly decreased in the presence of the magnetic
field. For a system consisting of uniaxial, single domain, and
noninteracting particles, the initial susceptibility of a particle
of volume V at temperature T is given by Eqs. (3) for particles
in the superparamagnetic (χSP) and in the blocked (χBL)
states [27,28]:

χSP = M2
s V

3kBT
, T > TB,

(3)

χBL = M2
s

3K
, T < TB,

where Ms is the saturation magnetization of the nanoparticle
at T = 0 K.

In a system composed of noninteracting polydisperse
particles, which volumes follows a distribution f (V ), the
susceptibility of the zero-field cooling curve is described by
Eq. (4), while the susceptibility of the field cooling process
is written in Eq. (5) [12,29] using the reduced variables
tB = TB/〈TB〉 = V/〈V 〉 and t = T/〈TB〉. The first term in
both equations is the contribution of particles already in
the superparamagnetic state, while the second term refers to
particles in the blocked state:

χZFC = M2
s

3K

[
log

(
τm

τ0

)
1

t

∫ t

0
tBf (tB)dtB+

∫ ∞

t

f (tB)dtB

]

(4)

χFC = M2
s

3K
log

(
τm

τ0

) [
1

t

∫ t

0
tBf (tB)dtB+

∫ ∞

t

f (tB)dtB

]
.

(5)

The magnetic susceptibility χ of a system subjected to an
ac field is complex (χ = χ ′ + iχ ′′). The imaginary part is
related to dissipation losses [14,30], and its maximum value is
achieved when T = TB . As the blocking temperature depends
on the measurement time, χ ′′ peak depends on the field’s
frequency.

III. MATERIALS AND METHODS

Magnetic colloids based on manganese ferrite nanoparticles
dispersed in aqueous acid medium were synthesized at
Universidade de Brası́lia, Brazil (UnB) by using a well-proven
procedure developed in three steps [31,32]. First, MnFe2O4

nanoparticles are obtained by hydrothermal coprecipitation of
aqueous solutions of metal mixtures in an alkaline medium
under vigorous stirring. Mean particle size is controlled here
during the ferrofluid elaboration by the hydroxide concen-
tration [33]. Then, the precipitate is washed in water and
treated with a HNO3 solution to reduce the ion excess and
clean the particle surface. To protect the particle against acid
dissolution, the precipitate has to be thermally treated with a
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TABLE I. Mean diameter 〈d〉 of the nanoparticles determined
by small angle x-rays scattering and distribution width of the log-
normal function of the volume (σV ) and blocking temperature (σT ) of
the particles, numerical concentration of particles (c), and magnetic
correlation distance (�).

Sample 〈d〉 (nm) σV σT c (1017cm−3) � (nm)

Mn3 2.78 ± 0.12 1.56 0.45 9 25.1
Mn4 3.42 ± 0.12 1.44 0.55 5 24.0
Mn6 6.15 ± 0.09 1.55 0.66 1 39.4

ferric nitrate solution, which creates a maghemite surface layer
onto the particles core. Finally, these core-shell nanoparticles
are peptized in water at pH ∼ 3, i.e., at an ionic strength
around 10−3 mol L−1 leading to long-term stable colloidal
dispersions. In order to describe the chemical composition
heterogeneity of such nanoparticles, we use a core-shell model
well supported by chemical titrations and x-ray diffraction
measurements [32], which gives the particle volume frac-
tion, the volume fraction of the maghemite shell and its
corresponding thickness. Three different colloids with mean
particles diameter 〈d〉 given in Table I were investigated. The
particles’ volume concentration was fixed φ = 1%. Particles’
concentrations [c ∼ 0.06/(π〈d〉3)] were also evaluated.

A commercial Quantum Design MPMS SQUID (Supercon-
ducting Quantum Interference Device) was used to measure
the magnetic properties of ferrofluids, performing the zero-
field cooling and field cooling protocol (temperature range
from 5 to 250 K) and the susceptibility χ (T ) to ac magnetic
field (frequency range from 0.21 to 710 Hz). All samples were
confined in small glass tubes sealed with UV-sensitive resin.

Small angle x-rays scattering measurements were made on
a laboratory based SAXS instrument Bruker AXS NanoStar
placed at the Institute of Physics of University of São Paulo,
Brazil. This equipment is improved by the use of microfocus
source Genix3D coupled with Fox3D multilayer optics and
two sets of scatterless slits for beam definition, all provided
by Xenocs. The wavelength of the incoming monochromatic
x-ray beam was λ = 0.154 nm (Cu Kα) and the sample to
detector distance was 1.03 m, providing a scattering vector
�q, whose modulus lies in the interval from 0.05 nm−1 to
2.5 nm−1, q = 4π (sin θ )/λ and 2θ the scattering angle. The
2D scattering data was collected on a Vantec2000 detector and
the integration of the SAXS patterns were performed by the
use of the Bruker SAXS software. Samples were encapsulated
in Lindemann glass capillaries, with diameter φc = 1.5 mm.
The scattering data were obtained by 5400 s of exposition and
the data treatment was performed with the program GIFT [24].

IV. RESULTS AND DISCUSSION

A. Size distribution function (SAXS)

Small angle x-rays scattering curves (scattering intensity Is

as a function of the modulus of the scattering vector q) were ob-
tained for each sample, and are shown in Figs. 1(a)–1(c). These
results were analyzed following Glatter’s method [23,24],
using the GIFT software. In this framework, theoretical

FIG. 1. (Color online) X-ray scattering intensity as a function of
the modulus of the scattering vector. (a) Mn3, (b) Mn4, (c) Mn6.
Particle’s radius numerical distribution function. (d) Mn3, (e) Mn4,
(f) Mn6. Open circles represent experimental data and continuous
line the best fit of correspondent function.

scattering intensity IG
s is written as

IG
s (q) = constant ×

∫
DN (r)[V (r)]2 Isp(q,r) dr, (6)

where the scatterers are assumed to be a collection of
polydisperse noninteracting spheres of radius r , volume V ,
normalized radius distribution function (in terms of the
number of particles) DN (r), and Isp the normalized scattering
intensity due to a sphere of radius r . This procedure allows
us to determine the size distribution function DN (r) from
the fit of the experimental scattering curves to IG

s (q). The
continuous lines in Figs. 1(a)–1(c) are the best fit of Eq. (6)
to the experimental data. From these fits the size distribution
functions were obtained and are shown in Figs. 1(d)–1(f),
together with log-normal functions fitted to those data. In
all the cases there is a small deviation from the log-normal
dependence of DN with r in the range of large particles.

The mean particle’s diameter 〈d〉 was calculated as

〈d〉 = 2
∫

r DN (r) dr,

and the results are presented in Table I.
The bumps observed in Figs. 1(d)–1(f) indicate that bigger

scatterers exist in the system. From the area below the main
peak and that below the bumps we can evaluate the numerical
percentage of these scatterers with respect to the amount of
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FIG. 2. (Color online) ZFC-FC magnetization curves. Magnetic
susceptibilities in the condition of field cooling (higher values) and
zero-field cooling (lower values): (a) Mn3, (b) Mn4, and (c) Mn6.
Blocking temperature distribution function. Open circles represent the
experimental data obtained from the derivative d(χFC − χZFC)/dT ,
where χFC and χZFC represent the susceptibilities in the condition
of field cooling and zero-field cooling, respectively. continuous line
represents the best log-normal fit: (d) Mn3, (e) Mn4, (f) Mn6.

isolated particles. These values are about 5%, 6%, and 10%
for the ferrofluids Mn3, Mn4, and Mn6, respectively. Our
experimental results (q > 5 × 10−2nm−1) do not permit us
to obtain more details about the shape and shape anisotropy
of these larger scatterers (could be large single particles or
small physical clusters, like dimmers or trimmers). They are
present, but their amount is small. In summary, the SAXS
results indicate that the system may be considered as composed
(mainly) by isolated particles of mean diameter 〈d〉, without
the presence of large amount of physical clusters.

B. Magnetic properties

Figures 2(a)–2(c) shows the ZFC-FC magnetization data
of the MnFe2O4@γ -Fe2O3 ferrofluid samples Mn3, Mn4,
and Mn6. The maximum of the ZFC curves shifts to higher
temperatures as the mean diameter of the particles increases.
These results indicate that the mean blocking temperature of
the nanoparticles increases as 〈d〉 increases. Another remark
about the data shown in those figures is that the maximum of
the ZFC curve in the three cases is located near the temperature
in which the ZFC and the FC curves split. In the framework
of the model of noninteracting particles [29] it means that

the blocking temperature distribution f (TB) is expected to be
narrow.

Following the Stoner-Wohlfarth (SW) model [34], suitable
for describing uniaxial, single-domain, and noninteracting
particles, the blocking temperature distribution can be obtained
by Eq. (7):

f (TB) ∝ −d(χFC − χZFC)

dT
, (7)

where χFC and χZFC represent the dc magnetic susceptibilities
at FC and ZFC, respectively. According to the SW model,
the relationship between the energy barrier and the blocking
temperature (at zero applied field) is given by the linear
Eq. (2). This implies that both size particles and blocking
temperature function distributions must be proportional to each
other.

The functions f (TB) obtained with the three ferrofluid sam-
ples are shown in Figs. 2(d)–2(f). Log-normal functions were
fitted to these results and are also plotted in Figs. 2(d)–2(f). The
difference between the log-normal curves and the experimental
f (TB) increases as the particle’s mean diameter increases. This
result, commonly observed in granular systems, can be due to
magnetic dipolar interaction between nanoparticles [1].

To test this hypothesis, the blocking temperature distri-
bution experimental curves were compared with the volume
distribution ones obtained with the SAXS analysis, checking
the validity of the SW model in our systems. Let us compare the
width of the distribution functions of Figs. 1(d)–1(f) and 2(d)–
2(f). The log-normal dimensionless parameter σi(i = T ,V ),
obtained through the fitting of the experimental data, was
used to study the size and blocking temperature distribution
function broadness. The narrower distributions obtained in
the magnetic measurements with respect to those from the
SAXS experiments in all the cases investigated here (see
Table I) is an indication of the existence of interactions between
nanoparticles, mainly from dipolar origin [1]. In this scenario,
the model of noninteracting particles seems to be not fully
adapted to the present case. The dipolar interactions leads
to a coupling between particles over a magnetic correlation
distance � [35], which affects the distribution width of the
f (TB) curves.

The number of interacting particles (N ) inside the correla-
tion volume �3 can be estimated from the distribution widths
of the particle’s volume (SAXS) and blocking temperature
(magnetic measurements) as

N =
(

σV

σT

)2

, (8)

�3 = N Vm

φ
, (9)

where φ is the particles’ volume concentration and Vm =
(π/6)〈d〉3 the volume of the mean particle. N decreases as
the mean diameter of particles increases, as shown in Table II.
Our results indicate that in the colloid with the smallest
particles (Mn3) the interparticle magnetic correlation extends
to distances that involve the largest number of particles, with
respect to the colloids with bigger particles. Values of the
magnetic correlation volumes for the three samples are also
shown in Table II. While the smaller particles’ samples present
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TABLE II. Magnetic properties of ferrofluids: Number of interacting particles N in the correlation volume �3, cluster’s energy barrier
experimentally determined (EaK

−1
B ) and theoretical prediction (KbulkVm

√
NK−1

B ), and surface anisotropy constant Ks .

Sample N �3(10−23 m3) EaK
−1
B (K) KbulkVm

√
NK−1

B (K) Ks(10−4 J/m2)

Mn3 12 1.6 ± 0.2 841 6.5 1.2
Mn4 7 1.4 ± 0.1 2290 7.7 3.3
Mn6 5 6.1 ± 0.4 5563 37.7 2.9

almost the same correlation volume, the sample with bigger
particles presents a bigger magnetic correlation volume. This
is due to a bigger interparticle distance as the mean particle
diameter increases, at fixed φ.

For short, we will name “magnetic cluster” the N particles
in the magnetic correlation volume �3. It is important to stress
that this correlation volume, evidenced in the magnetization
measurements, do not show any additional electronic-density
modulation at this length scale, otherwise it should be detected
in the SAXS experiments (0.15 nm−1 < q� < 0.23 nm−1,
where q� = 2π/�, range accessible in our SAXS experi-
ment).

The SW model hypotheses of noninteracting particles is not
satisfied in the present case. Certainly, dipolar interactions are
important enough for deviations from the expected behavior.
Exchange bias (EB) in the same core-shell ferrite nanoparticles
has already been investigated [18,19]. These nanoparticles
consist of a well-ordered ferrimagnetic (FI) core surrounded
by a disordered spin glass-like (SGL) surface layer and
display uniaxial magnetic anisotropy. The exchange bias field
sets at the internal interface FI-SGL of the nanoparticles.
A comparison between frozen dispersions and disordered
powder allows us to distinguish the influence of intra- and
interparticle interactions on the exchange bias. Interparticle
collective effects dominate in the powder while an intraparticle
EB, eventually hindered by dipolar interactions at large volume
fraction (demagnetizing role which reduces the exchange bias
field value), is observed in frozen dispersions. In Ref. [19],
the authors compare the exchange bias behavior for sample
Mn3, based on nanoparticles of soft ferrite cores, with the
exchange bias obtained for hard ferrite cores. The bias field is
found to present a maximum, larger for harder ferrite core. It
is obtained for a cooling field of the order of one half of the
anisotropy field, which is much larger for the CoFe2O4 cores
than for MnFe2O4 ones. In powders, particles are in contact
leading to an interparticle exchange, which is not present in
the dilute solutions. Exchange bias properties are only due
to an intraparticle exchange between core and surface. The
thermal dependence of the bias field is well described by a
reduced exponential behavior with a characteristic freezing
temperature of about 8K .

Although a correlation between the magnetic moments of
the nanoparticles has been found in all experiments performed,
the SAXS curves (Fig. 1) are typical of dilute system, with
no structure factor indications. This means that, in the �q
range investigated, the structure factor is fs = 1, with no
presence of any correlation peak or concentration effects. In
the physical-chemical conditions of our samples the dispersion
state is not that of a well-structured fluid, which would be
required to present some kind of super-ferromagnetism [36].

Moreover, the superspin-glass behavior of a concentrated
assembly of interacting maghemite nanoparticles has been
recently studied [37], but those properties were obtained for
volume fraction of particles of 35%. The superferromagnetism
state would occur at larger volume fraction of NPs.

The existence of the interparticle interaction in the length-
scale � imposes that the system respond to magnetic stimuli
as composed by clusters of particles. This leads to a renor-
malized relaxation time and effective anisotropy Kcluster when
compared to the single particle system. In fact, the energy
barrier associated to the clusters increases by a factor

√
N

with respect to a single particle case, according to the random
anisotropy model [38], as shown in Eq. (10):

Kcluster�
3 =

(
K

φ√
N

)(
NVm

φ

)
= KVm

√
N. (10)

In order to determine the energy barrier and the relaxation
time τ0 of the samples, ac susceptibility measurements were
performed as a function of temperature. The ac magnetic
susceptibility has an in phase component χ ′ and an out of phase
χ ′′, related to dissipation losses [30] that peaks for T = TB . As
the blocking temperature is time dependent, the χ ′′ maximum
position depends on the field frequency, moving toward higher
temperatures as the field frequency increases. This behavior in
our systems is shown in Fig. 3(a). From these data we obtain
TB at each frequency f . Equation 1 can be used to obtain
τ0 and Ea , fitting the expression f −1 = τ0 exp[Ea/(kBTB)] to
these experimental data [see Fig. 3(b)]. The linear behavior
observed in the experimental results of ln[1/(f τ0)] × T −1

B is
characteristics of a thermal activated process. The obtained
relaxation time τ0 ∼ 10−13 s does not correspond to a single
particle relaxation time (which is in the range τ0 = 10−9 ∼
10−12 s), in agreement with the previous interpretation of
interacting particles [39,40].

The fit on Fig. 3(b) allows us to estimate the cluster’s
energy barrier Ea/kB , which does not agree with the computed
value KbulkVm

√
N/kB [Eq. (10)], as shown on Table II. This

may be due to the fact that, besides the interactions between
nanoparticles, confinement effects can change the value of
the anisotropy constant of those particles. Typically, effects
of the size reduction are taken into account assuming an
effective value of the anisotropy constant, due to surface effects
(Ks) [41] as shown on Eq. (11):

Keff = Kbulk + 6

d
Ks. (11)

Thus, by imposing Keff〈V 〉√N = Ea , one can estimate the
surface effects on the nanoparticles effective anisotropy. In
our case Ks ∼ 10−4 J/m2, leading to Keff ∼ 105 J/m3 that
corresponds to an increase of three orders of magnitude from
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FIG. 3. (Color online) (a) ac susceptibility as a function of the
temperature, for different field frequencies. (b) Inverse of the field
frequency as a function of the blocking temperature.

the bulk value for MnFe2O4@γ -Fe2O3. Calculated values
of Ks for the three samples investigated are presented on
Table II. The smallest value of Ks corresponds to the smallest
nanoparticle.

We have shown that magnetic dipole interactions between
nanoparticles are present in our system leading to magnetic
clusters of interacting particles inside a correlation volume
that can be seen as formed by “magnetic domains” where
the particles momentum are correlated [1]. Magnetic mea-
surements, as zero-field cooling-field cooling are sensible
to those clusters instead of single particles. In this way,
structural analysis as small angle x-rays scattering are of
extreme importance to avoid erroneous interpretations of
the data, bigger particles with narrower size distribution.
Ac susceptibility measurements are in agreement with the
existence of clusters by showing an extremely fast relaxation

process, with typical time τ0, that does not correspond to
magnetic processes in a single particle [40].

V. SUMMARY

Magnetic fluids based on manganese ferrite nanoparticles
were studied from the structural point of view through
small angle x-rays scattering and from the magnetic point
of view through zero-field cooling and field cooling and ac
susceptibility measurements. The size distribution functions of
three magnetic colloids were determined, as well as the mean
diameter of the nanoparticles. The size distribution obtained
from SAXS measurements follows, reasonably, a log-normal
behavior, as usually assumed for those systems. From the
ZFC-FC results the distribution of blocking temperatures
were obtained and compared to those obtained with SAXS.
The magnetic blocking temperature distribution was shown to
be narrower than the structural one (from SAXS) due to the
magnetic interactions between the nanoparticles that leaded to
an averaging effect. The magnetic measurements indicate the
existence of a magnetic correlation distance � in the colloidal
medium that could be pictured as a magnetic cluster constituted
by N interacting particles inside the correlation volume �3.
These clusters are not characterized by a physical aggregation
of particles, since the SAXS measurements do not reveal the
existence of aggregates in a large number in the different
samples analyzed. Besides the magnetic interaction between
particles, confinement effects must be included to account
for the experimental values of the magnetic energy barrier
encountered. Due to the reduced size of the nanoparticles,
surface effects play an important role in the determination of
this parameter. Ac susceptibility measurements were crucial in
the investigation of the interaction among nanoparticles since a
very short relaxation time τ0 was obtained from the magnetic
measurements, which does not have any physical meaning
for noninteracting particles. In that way, dipole interaction
among nanoparticles must be taken into account for a correct
interpretation of the magnetic and structural results.
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