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Abstract MZnFe,O, (M = Ni or Mn) cubic nano-
particles have been prepared by hydrothermal synthesis
in mild conditions and short time without any procedure
of calcinations. The structural and magnetic properties
of the mixed ferrites were investigated by X-ray
diffraction, Fourier transform infrared spectroscopy
(FTIR), Raman spectroscopy, Mossbauer spectros-
copy, vibrating sample magnetometer, and Transmis-
sion electron microscopy (TEM). X-ray analysis
showed peaks characteristics of the spinel phase. The
average diameter of the nanoparticles observed by
TEM measurements was approximately between 4 and
10 nm. Spectroscopy study of the spinel structure was
performed based on Group Theory. The predicted
bands were observed in FTIR and Raman spectrum.
The magnetic parameters and Mdssbauer spectroscopy
were measured at room temperature and superpara-
magnetic behavior was observed for mixed ferrites.
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This kind of nanoparticles can be used as precursor in
drug delivery systems, magnetic hyperthermia, ferro-
fluids, or magnetic imaging contrast agents.
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Introduction

Spinel ferrites are important materials due to their
structural, magnetic, and electrical properties (Siddi-
que and Butt 2010). For this reason, they have received
high attention in the last years for their wide possible
applications in the nanostructured materials technol-
ogy. In the electronic industry, mixed ferrites have
been extensively studied. Their high electrical resis-
tivity and excellent magnetic properties make them a
good choice (Date et al. 2004). This kind of structure
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has unit cells containing oxygen ions form close
packing (fcc) with spatial symmetry group Of. (Fd3 m)
(Vucinic-Vasic et al. 2006). Its general molecular
formula can be written as (A)[B],O4, where A and B
are two non-equivalent symmetrical sites with tetra-
hedral (8a) and octahedral (16b) coordination, respec-
tively, occupied by divalent and trivalent cations
(Thomas and George 2009). The spinel ferrites have
been commercially used for several applications such
as radio frequency coils and transformer cores,
prepared by the conventional ceramic method involv-
ing high temperatures and solid-state reactions, which
can result in the loss of their fine particle nature due to
the particle growth (Wang and Li 2001; Daniels and
Rosencwaig 1970; Leung et al. 1973). However, recent
advanced technology demands ferrite particles in
nanometric scales before compacting them for sinter-
ing (Pathan et al. 2010). For inorganic materials which
are normally non-magnetic, its structural defects and
compositional variations at surfaces and grain-bound-
aries of constituent nanoparticles might be responsible
for this anomalous magnetic behavior, such as nano-
tubes (Lag¢Srg4MnOj3) (Banerjee and Krupanidhi
2012) and thin films of non-magnetic oxides as TiO,,
In,03, and ZnO (Sundaresan and Rao 2009). However,
the origin of the magnetism in magnetic materials, as
spinel ferrites, is due to the arrangement of the spin
moments of the ions in tetrahedral and octahedral sites.

The literature reports various methods to produce
magnetic nanoparticles (NPs) such as spinel ferrites
(Laurent et al. 2008). Numerous chemical methods
can be used: microemulsions (Chin and Yaacob 2007),
sol—gel synthesis (Albornoz and Jacobo 2006), sono-
chemical (Hee Kim et al. 2005), and hydrothermal
reactions (Upadhyay et al. 2003). Among these, the
hydrothermal synthesis may be the most promising
because of its simplicity, productivity, and control of
several factors such as size, morphology, and compo-
sition (Somiya and Roy 2000). This process is usually
conducted at autogenous pressure and single or
heterogeneous phase reactions occur in aqueous media
to crystallize ceramic materials directly from solution.
The hydrothermal crystallization appears greatly ben-
eficial since it offers high control of morphologys, size,
and agglomeration degree at different working condi-
tions (temperature, time, reactants, and stirring rate)
(Suchanek and Riman 2006).

In the last years, a commercial interest in the
hydrothermal synthetic approach has been revived due
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to the accessibility, under mild experimental condi-
tions (T < 350 °C, P < 100 MPa), of a wide range of
different NPs keeping low the costs of their sustainable
large scale production. Lee and co-workers (Lee et al.
1999) investigated how, in an hydrothermal process,
conditions of temperature and pH may influence the
structural and magnetic properties of Ni—Zn ferrite.
They observed that, an increased pH (7-10.5) and
temperature (180-250 °C) inhibits the formation of the
hematite phase (o-Fe,O3) and enhances the saturation
magnetization (M), respectively. On the other hand,
the presence in the reaction environment of surfactants
and solvents which regulate the NP nucleation and
growth, allows to control the NP morphology and size
(Suchanek and Riman 2006).

Despite the structural similarity, from the point of
view of magnetic properties, the various types of NPs
exhibit some distinct differences as a function of their
morphology (e.g., spherical, rods, disks, cubes, rhom-
bohedral, tetrapods, or more complex shapes). Alvarez
and co-workers (Maia et al. 2008) showed experi-
mentally and through Monte Carlo simulations that the
difference in effective shape anisotropy between
spherical and cubic geometries of the y-Fe,O; NPs
with similar size leads to substantial differences in the
blocking temperature due to the effect of intrinsic
magnetocrystalline anisotropy.

In the present study, we report on the synthesis of
M—Zn ferrite (M = Ni, Mn) cubic superparamagnetic
NPs achieved by a hydrothermal process carried out
under mild operative conditions and short reaction
times. The structural, morphological, and composi-
tional characterization of the as-obtained NPs have
been performed through X-ray diffraction (XRD),
Infrared (FTIR), Raman, 5TFe Mossbauer spectros-
copy, transmission electron microscopy (TEM) anal-
yses, and magnetic measurements.

Experimental
Materials and methods

All reagents were commercial products with analytical
grade without further purification. The chemical
reagents for this study are FeCl;-6H,O (Dinamica,
97 %) MnCl,-4H,O (Vetec, 99 %), NiCl,-6H,O
(Vetec, 97 %), ZnCl, (Dinamica, 97 %), and sodium
hydroxide (Cinética Quimica, 97 %).
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Synthesis of MZnFe,O, (M = Mn, Ni)
nanoparticles

MZnFe,0, nanoparticles were synthesized according
to Lee et al. (Lee et al. 1999). Stoichiometrically
required amounts of metal chloride were dissolved in a
beaker with distilled water. Under vigorous mechan-
ical stirring, an aqueous mixture was prepared with
molar ratio 0.5:0.5:2 (M:Zn:Fe). Sodium hydroxide
was added into the mixture to precipitate the desired
hydroxides. The hydrothermal treatment of the slurry
was carried using a Teflon-lined autoclave at 250 °C
for 30 min. The reactions occurring during the
hydrothermal process can be summarized as follows:

0.5M>* + 0.5Zn** + 2Fe*" + 8OH™
— ZngsMysFe;O4 + 4H,0. (1)

Afterward, the autoclave was cooled to room
temperature and the precipitate washed several times
by water and methanol. The particles were then dried
in air at 100 °C for 3 h. The resultant magnetic NPs
were labeled as MnZnFe and NiZnFe respectively. For
comparison, MFe,O, NPs were also synthesized
(M = Zn, Ni and Mn) and labeled as ZnFe, NiFe,
and MnFe, respectively.

Characterization of nanoparticles
X-ray diffraction (XRD)

The X-ray diffraction analysis was obtained using
CuKo (1.54056 A) from X-ray powder diffractometer
Riguku with Bragg—Brentano geometry in the range of
20-80°. The phase identification analysis was made by
comparing powder diffractograms with standard pat-
terns from International Centre for Diffraction Data.
Rietveld refinement procedures (Rietveld 1967) were
applied to all diffraction patterns using the DBWS
2.25 (Bleicher et al. 2000), as described by Young and
coworkers (Young et al. 1995).

Infrared spectroscopy (FTIR)

The FTIR spectrum was carried out on a Perkin—Elmer
Spectrometer in the range 4,000-400 cm™ !, In record-
ing IR spectra, each of the samples were mixed with
potassium bromide powder and pressed into pellets.

Raman spectroscopy

The Raman spectroscopy was performed using an
ALPHA 300 from Witec at room temperature. An 20X
objective was used to focus the laser on the sample and
to collect the scattered radiation. The laser excitation
source was at 532 nm.

>’Fe Mossbauer spectroscopy

The Mossbauer spectrum was recorded at room
temperature (300 K) from FAST (ConTec) Mdssbauer
System spectrometer using transmission geometry. A
>7Co radioactive source was used. The data analysis
was performed using NORMOS program written by R.
A. Brand (distributed by Wissenschaftliche Elektronik
GmbH, Germany). Isomer shifts (J) are referred as
a-Fe at room temperature.

Magnetization measurements

The magnetization measurements were performed at
room temperature with a home-made vibrating sample
magnetometer (VSM). The VSM has been previously
calibrated using a pure Ni wire, and after measuring
the mass of each sample the magnetization was given
in emu/g.

Transmission electron microscopy (TEM)

Transmission electron microscopy analysis was per-
formed on a Jeol JEM-1011 electron microscope
operating at 100 kV, equipped with a CCD camera
ORIUS 831 from Gatan. TEM samples are prepared
by drop-casting dilute nanocrystal solutions onto
carbon-coated copper grids. Afterward, the deposited
samples are allowed to completely dry at 60 °C for one
night before examination.

Results and discussion
X-ray diffraction (XRD)
X-ray diffraction patterns and Rietveld refinement data
for all synthesized samples are shown in Fig. 1. The

diffraction peaks observed in 29.9°,35.3°,42.8°,53.3°,
56.7°, and 62.2° can be indexed to cubic phase (JCPDS

@ Springer
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Fig. 1 XRD of the magnetic nanoparticles obtained by
hydrothermal synthesis

file n° 086—1355) with symmetry spatial group Of. This
phase, which was observed for all the samples, indicated
that there was formation of the spinel structure without
any calcinations process after synthesis. However, the
sample NiFe showed a peak at 33.2°. This indicated the
presence of the hematite (o-Fe,Os), since this can be
attributed to reflections coming from the 104 crystallo-
graphic plane (JCPDS file n°® 071-0469). For this
sample, the o-Fe,O; impurity may be due to the

migration of Fe®>" out of the spinel structure (Paiva
et al. 2008). Moreover, a peak at 21.2° indicates the
formation of the goethite (a-FeOOH) (JCPDS file n°
029-0713) for MnFe and NiFe.

The structural data from XRD were treated with
DBWTools, version 2.3 program (Bleicher et al. 2000).
Table 1 summarizes the data obtained from Rietveld
analysis and the main factors (S, Ry, and R.,p), which
confirm a good refinement. These results suggest that the
samples are constituted mainly by spinel phase. NiFe
NPs presented peaks relative to o-Fe,O5; and o-FeOOH
phases, respectively, showing 2.74 and 17.33 % of mass
fraction. Only o-FeOOH (1.76 %) was observed for
MnFe. It is important to note that in the Rietveld
refinement, the most important values to be evaluated
were the Rywp and S, as they refer to the agreement and the
progress of refinement. The literature (Bezerra 2007)
report that values in the range 10-20 % for Rwp
demonstrate the good quality of refinement, while for
the S, values <1.3 can be considered satisfactory. The
results for these parameters showed in Table 1 evidence
the satisfactory character of the refinement.

The extrapolated values of network parameter fol-
lowed the order: NiFe < NiZnFe < MnZnFe < ZnFe <
MnFe. This sequence can be explained considering the
ionic radii of the metal constituents of the spinel network
which are respectively Ni>* (0.78A) < Zn>* (0.82 A) <
Mn?** (0.91 A) (Goldman 2006). Therefore, as expected,
the network parameters follow exactly the same order
NiFe < ZnFe < MnFe and NiZnFe < MnZnFe.

The particle size was calculated using Scherrer and
Williansom—Hall (W-H) models. The values are
displayed in Table 2. It can be noticed that the average
particle diameter obtained by Scherrer remain in the
range 4.7-25 nm, while for the W—H it was observed
11.5-53.5 nm. It clearly shows the interference of the
values microstrain (¢) in the calculation of particle
size, since for higher values of ¢ it was possible to

Table 1 Quantitative phase analysis and crystallographic data obtained from the Rietveld refinement

Samples Phase fraction in mass (%) Network parameter (A) Ryp (%) S Rexp (%)
Spinel o-Fe,O3 o-FeOOH

MnFe 98.24 - 1.76 8.473 20.60 1.13 18.22

MnZnFe 100 - - 8.426 20.62 1.22 16.93

ZnFe 100 - - 8.460 16.31 1.02 16.04

NiZnFe 100 - - 8.411 17.56 1.05 16.67

NiFe 79.94 2.74 17.33 8.343 18.83 1.12 16.79
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Table 2 Average crystallite sizes and microstrain percentage
obtained by Scherrer and Willianson—-Hall (W-H) models

Table 4 Irreducible representations resulting from the occu-
pation of their sites within the space group Oy

Samples Average crystallite sizes (D,,,) Microstrain (&) (%)

(nm)

Scherrer W-H
MnFe 18.0 53.5 0.253
MnZnFe 11.2 - -
ZnFe 4.7 - -
NiZnFe 10.1 11.5 0.076
NiFe 25.6 37.4 0.090

observe greater discrepancy between the calculated
values by Scherrer and W-H.

Vibrational spectroscopy

From the XRD results, it was possible to confirm the
presence of spinel phase in all samples. Thus, we
carried out a spectroscopic study based on Group
Theory in order to predict the number of active bands
in FTIR and Raman. To this end, we used nuclear site
group analysis developed by Mathew (Porto 1981) and
extended to crystals. First of all, it was necessary to
know all equivalent sites in the unit cell to determine
the symmetry of the lattice modes of the spinel phase
with symmetry spatial group Of. According to the
literature (Goldman 2006), it was found that this was
formed by 32 oxygen atoms forming 64 tetrahedral
sites and 32 octahedral sites. However, only 24 are
occupied by cations in the network, where 8 tetrahe-
dral and 16 octahedral sites due to considerations of
the network load balancing. Table 3 shows that only
Csy, T4, and D34 will accommodate an atomic species
within the unit cell. Each nucleus on an Oy, site will
contribute to a symmetry mode. Then, the lattice
modes can now be read directly from Table 4, so the
vibrational modes are given by

F=Ap+ Eg+ Tig+ 3Ty + 2A5 + 2E,
+ 5T+ 2Tan. (2)

where the T, modes are FTIR active and A, + E; +
3T,, modes are Raman-active. These results are in
agreement with literature results (Gupta et al. 2002).

Site Irreducible representations

Cs, Arg + Agy + Eg + By + Ty 4 2Ty + 2T + Ty
D3d A2u + Eu + 2Tlu + T2u
Td Tlu + T2g

The table show only interesting sites for spinel structure

Figure 2 shows the recorded FTIR spectrum of the
nanoparticles in the range 4,000—400 cm~ !, As seen
previously, there are five normal modes (5T},) infra-
red lattice vibration. However, the working range is
only possible to observe for two modes (Ravinder
1999). It can be seen that the FTIR spectrum are found
to exhibit two bands in the range 750—400 cm™'

NiFe
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Fig. 2 FTIR for magnetic nanoparticles

Table 3 All sites for the

spatial group O}, Spatial Group

Sites

O} (F4,/m32/m)

[iC1(192)] + [hCx(96)] + [gC(96)] + [fC3.(48)
+ [eC3y(32)] + (d + ¢)D34(16) + (b + a)Ty4(8)
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Fig. 3 Band equivalent to the vibration of metal in tetrahedral
sites

generally observed for ordered spinel ferrites (Bezerra
2007; Amer et al. 2011). The bands observed in the
range 600—550 and 450385 cm ™' can be assigned to
the site with symmetry Tq (8a) and Digq (16D),
respectively (Bezerra 2007). However, it is important
to mention that “octahedral” sites exhibit a loss of
symmetry with a centrosymmetric D34 point group.
This fact was similarly observed by Pailhé and co-
workers (Pailhé et al. 2008).

The interaction between oxygen and cations in
octahedral and tetrahedral positions strongly affects

Table 5 Calculated values of force constant (K) and fre-
quency (v) for all samples synthesized

Sample v (10]3 Hz) K (lO3 dyne cm™ Y
MnFe 1.743 246.577
MnZnFe 1.706 239.217
ZnFe 1.659 231.515
NiZnFe 1.737 249.698
NiFe 1.815 268.555

@ Springer

the wavenumber values observed in Fig. 2 (Thomas
and George 2009). Thus, the band assigned to the site
8a is finer observed because of its better resolution.
This band is showed in Fig. 3. It was found that the
band positions for MnZnFe and NiZnFe have inter-
mediate values of wavenumbers compared to their
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Fig. 4 Values of K in function of the amount of Fe* in
tetrahedral site
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Fig. 5 Raman spectra of the ferrites
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respective pure ferrites (MnFe, ZnFe, and NiFe). This
can be explained by the fact that cations occupying
sites 8a influenced the Metal-O interaction. According
to the literature (Oliveira 2001), the frequency bands
are proportional to a force constant (K), were deter-
mined using the relation:

1 /K
vV=—y/—
2n\l u

(3)

where u is reduced mass and v is frequency. The
determined values were listed in Table 5. The values of

K were increased as a function of the increase of the
amount of Fe*t in tetrahedral site, as we can see in
Fig. 4. This can be explained through the bonding nature
of Fe*" ions at the tetrahedral sites. Intra-nuclear bond
separation of Fe*™—0?" is less leading to the increase
bond strength shifting to higher values of K.

The K values for MnZnFe and NiZnFe have interme-
diates values compared to their respective extremes.
Thus, it is expected that the bands position for these
samples should appear at intermediate values. In addi-
tion, it was possible to identify a shoulder appearing at
about 623 cm ™' in the sample MnZnFe. The literature

Fig. 6 Mossbauer spectra
of the magnetic NPs
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(Dawoud and Shaat 2006; Potakova et al. 1972) reports
that the presence of Fe*" ions in the spinel network could
cause a local distortion. This produce a non-cubic
component with consequent loss of its symmetry prop-
erties leading to splits in the shoulders or absorption
bands. Thus, we ascribe it to a similar effect due to the
presence of Mn>" ions in the spinel network.

The theoretical approach used in this study predicts
five Raman-active bands (A, + E; + 3T,,). How-
ever, only the sites T4 and Cs, are occupied by M"t and
O’ ions, respectively. They contribute to the Raman
activity due to the presence of an inversion center in the
centrosymmetrical space group Of (Shebanova and
Lazor 2003). Fig. 5 shows the Raman spectrum
acquired at room temperature of all samples in the
range 180-900 cm™'. Among the predicted vibrational
modes for Raman, it is found that only A;, mode was
observed for all samples around 600-690 cm™". This
mode is associated to the symmetric stretch of oxygen
atoms along M""—O bonds. In the case of ZnFe,
NiZnFe, and NiFe, the spectra clearly exhibit bands in
the range 450-500 and 300-350 cm™' assigned at
T»,(3) and E, modes. These can be respectively
attributed to symmetric and asymmetric bends of
oxygen with respect to M"*. However, NiFe presented
weak bands observed at 197 and 544 cm™" attributed
to Tpe(1) and T,e(2) modes. They correspond to the
translatory movement of the whole M"*O, and asym-
metric stretch of Fe and O, respectively. T,,(1) mode
was also found for samples MnFe and MnZnFe at

Table 6 Mossbauer parameters for all samples

Samples Sites Hyperfine parameters Area (%)
6 (mm/s) A (mm/s) Byg (T)

NiFe 16b  0.28 —0.02 48.3 355
8a 0.37 0.07 51.7 27.5
C, 0.38 —0.26 37.6 15.5
D, 0.31 0.59 - 21.5

NiZnFe 160 - - - 80.6
8a 0.32 0.61 - 19.4

ZnFe 16b  0.34 0.41 - 54.8
8a 0.34 0.68 - 452

MnZnFe 16b - - - 79
8a 0.31 0.60 - 21

MnFe 16b 037 —0.11 44.7 42.1
8a 0.33 0.02 48.3 36.7
C, 0.32 0.69 - 21.3

@ Springer

215 cm™'. Interestingly for sample MnFe and
MnZnFe, unexpected mode was observed in the range
270-280 cmfl, which could be Raman-active due to
the cationic disorder that induces a breakdown of the
translation symmetry (Julien and Massot 2003). This is
in agreement with the results obtained from FTIR for
MnZnFe. It supports that the presence of Mn”" ions in
the spinel network causes distortion with consequent
loss of their symmetry properties, since the Mn
samples showed deviation of ideal spinel structure.

Mossbauer spectroscopy

Figure 6 displays the room temperature Mossbauer
spectra of the all samples. The black dots in the figure
represent the experimental data, whereas solid red lines
coincide with least-square fitting. Moreover, solid lines
of different colors indicate the Fe position in several
environments. In the case of NiZnFe and MnZnFe, a
peak doublet was observed at the centre of the spectra.
This pattern can be attributed to the collapse of the
magnetic ordering, evidenced as a superparamagnetic
character (Wang and Li 2001), which shows a relax-
ation time (1) <1, (Larmor precession time of the
nuclear magnetic moment) (Malik et al. 2010). This
behavior arises from strong influence of thermal
energy that occurs with small particle size (Knobel
et al. 2008). It was also found a V-shaped for samples
NiZnFe and MnZnFe. According to the literature
(Upadhyay et al. 2003), the V-shaped can be attributed
to several factors such as reduction in magnetocrys-
talline anisotropy or substitution of nickel and manga-
nese ions with those of zinc weakening the magnetic
interactions due to reduction in the A—B coupling pairs.
Spectra for sample ZnFe shows a doublet correspond-
ing of a paramagnetic compound indicating the pure
Zinc ferrite phase formation (Pailhé et al. 2008). This
result is in agreement with the XRD.

Several sub-spectra can be observed in the case of
MnFe and NiFe NPs. This effect is indicative of the
presence of different magnetic neighbors influencing Fe
atoms. In this regard the spectrum of NiFe shows a
doublet at the centre along with three sextets patterns.
The doublet can be definitely attributed to Fe*™ ions
inside regions, with so small size particle that exhibit
superparamagnetic relaxation phenomenon (Amer et al.
2005). It was found that three sextets correspond to the
Fe>" ions in 16b and 8a sites (ferrite phase) (Pathan et al.
2010) and another site characteristic of the o-FeOOH
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phase (Krehula and Musi¢ 2008). Similar results were
found for MnFe, however, only two sextets patterns
were observed correspondent to the Fe* ions in 16b
and 8a sites. The sextets pattern characteristic of the
a-FeOOH phase was not observed for MnFe. This can
be explained by low mass fraction (1.76 %).
Mossbauer hyperfine parameters for all samples are
reported in Table 6. For all cases the Fe ion isomeric
shift values (0) remained between 0.28 and 0.38 mm/s.
According to literature (Dickson and Berry 1986),
values in the range 0.1-0.5 mm/s relative to Fe metal
are consistent with the high-spin Fe** state. A positive
shift indicates that the s-electrons density at the
nucleus becomes more shielded because of larger
number of d-electrons (Gibb 1994; Dickson and Berry
1986). Quadrupole interaction (A) has values in the
range —0.26-0.69 mm/s. The change of sign may
originate from a nonspherical charge distribution at
nucleus, which can be positive or negative when
elongated or flattened, respectively (Dickson and
Berry 1986). The relatively high values of A can be
assigned to the chemical disorder and the local
symmetry reduction in site (Singhal et al. 2006).

Transmission electron microscopy (TEM)

Figure 7 shows TEM images of the samples MnZnFe
(a), NiZnFe (b), and ZnFe (c) as well as the size
distributions aside. The size distribution was deter-
mined by measurement of 100 randomly selected
particles in different regions of the expanding TEM
images. It is worthwhile to note that the nanoparticles
are almost cubic in shape with an average diameter
about 12 &+ 3, 10 &+ 2, and 5 = 1 nm for MnZnFe,
NiZnFe, and ZnFe, respectively. This result was in
accordance with that of XRD.

Magnetization measurements

The vibrating sample magnetometer analysis was
performed to investigate the NPs magnetic properties
at room temperature. In Fig. 8, the hysteresis loops
characteristic of a superparamagnetic behavior can be
observed for all samples. There is no hysteresis in the
magnetization curves for the samples with the pres-
ence of Zn, with both remanence and coercivity being
zero, indicating that these magnetic NPs are super-
paramagnetic. The sample ZnFe was not saturated in
the field range used, thus indicating the possible
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Fig. 8 Magnetization curves of the samples. As discussed in
the text, the data have been fitted (solid lines) through a
Langevin function

presence of paramagnetic NPs, or very fine super-
paramagnetic NPs. In the samples MnFe and NiFe, it
was observed a small coercivity around 70 Oe
reasonably due to the presence of larger NPs in these
samples.

The hysteresis curves at room temperature of these
samples can be well-described by a Langevin function
(Barreto et al. 2011),

M _ coth <ﬂ> _ KT ()

where m is the magnetic moment, H is the external
magnetic field, 7 is the temperature, and kg is the
Boltzmann constant. In Fig. 7, the solid lines are the
best fitting curves obtained with the Langevin function
for each sample. The particle sizes can be inferred
from this Langevin function adjusting the parameter
a = w/k, which is related to the diameter of the
particle as a = 4n(d/2)’My/3ks with d being the
diameter of the particle. Thus, using this function to fit
the curves we obtain the average diameter of the
nanoparticles that is shown in Table 7. These results
agree with the sizes determined from XRD for
MnZnFe, ZnFe, and NiZnFe, as can be seen from
Tables 2 and 5. In the case of NiFe and MnFe the
Langevin function cannot be accurately used due to
the small coercivity existing in these samples, there-
fore the sizes obtained by the fitting of the magneti-
zation curves are smaller than those obtained by
XRD.
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Table 7 Calculated values of the average diameter of the
nanoparticles obtained from the fit using the Langevin function

Sample D (nm)
MnFe 12.6
MnZnFe 10.6
ZnFe 5.5
NiZnFe 10.1
NiFe 15.5
Conclusions

The synthesis of cubic superparamagnetic MZnFe,O,4
(M = Mn or Ni) NPs has been performed according to
hydrothermal process along with a co-precipitation
approach without any procedure of calcination. Par-
ticles size of mixed ferrites presented a range
4.77-25 nm when calculated using Scherrer and
Langevin methodology. Whereas following a Willi-
nason-Hall procedure it was found 11.5-56.8 nm due
to the correction factor from NPs microstrain. Trans-
mission electron microscopy confirms that the NPs
have average diameters (5-12 nm) in the range of
those obtained from XRD technique. The absorption
bands, predicted by spectroscopic analysis based on
the Group Theory, were observed by FTIR and Raman
investigations. A superparamagnetic behavior was
observed by Mossbauer spectroscopy and studies of
magnetic hysteresis. This kind of material can be used
as precursor in drug delivery systems, magnetic
hyperthermia, ferrofluids or magnetic imaging con-
trast agents.
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