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FeCo nanoparticles coated with (Fe,Co),0, (magnetite doped with cobalt) were synthesized by the
proteic sol-gel chemical route. The synthesized materials were characterized by Thermogravimetry
(TG), X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), vibrating-sample magnetometer (VSM) and Mossbauer spectroscopy (MS). The
results show that the increase in temperature and the choice of the correct air/N, flow directly influence
on the final physical-chemical properties of the nanocomposite. The SEM and TEM images confirmed
that a thin layer of oxide was formed on the alloy, indicating that it was obtained a self-assembled
FeCo-(Fe,Co),0, nanocomposites. In addition, the VSM results show that a possible exchange-spring
coupling in magnetic FeCo-(Fe,Co),0, nanoparticles occurred with high saturation magnetization from
FeCo alloy and high coercivity from (Fe,Co),0,. The rotary oven allows the uniform contact of the
powder with the atmosphere of synthesis during the different oxidation-reduction steps, generating

more homogeneous particles.
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1. Introduction

A great attention has been given to a class of solids
named nanocomposites, containing multicomponent hybrid
nanostructures with two or more nanosized constituents
assembled in a controlled way 2. Nanocomposite solids
have been studied extensively since it is possible to obtain
properties which cannot be acquired with the isolated phases.
Different types of composites have been prepared due to their
mechanical, structural, chemical, morphological and magnetic
properties which are usually different compared to each
phase taken alone. These advantages make nanocomposites
one of the most promising candidates for the exploration
of new applications compared to isolated solids containing
a single phase *”.

Several methods are being used for the synthesis of
composite materials such as mechanical alloying, reduction
of oxides in gels, infiltration techniques, high-energy ball
milling, reduction, decomposition of metallic precursors in
polymers, among others ¥!2, Nanocomposites containing
specifically FeCo alloy and Co-containing Fe,O, is rarely
presented in the literature, however, some articles show
the synthesis in aqueous medium under hydrothermal
conditions 213,

In this work, a synthetic route was developed based
on proteic sol-gel method (gelatin). The functional groups
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of the gelatin (amino and carboxylic acid) may act as an
excellent complexing agent of metallic cations such as Fe**or
Co?", which is very interesting during the synthesis of metal
oxide and alloy with high metallic dispersion, since the
gelatine allows a uniform dispersion of the cations during
the formation of the hybrid material (xerogel) and minimizes
sintering during the calcination step favoring the formation of
nanoparticles °. It is important to emphasize that interesting
results have already been presented in the synthesis of the
magnetite and FeCo alloy isolated using the protein sol-gel
method '*15, however, the synthesis of self-assembled FeCo-
(Fe,Co),0, nanocomposites has not yet been explored using
this synthetic route and needs to be studied to confirm its
viability. In this case, the nanocomposite will be composed
of FeCo alloy and (Co,Fe),0, (Co containing magnetite).
These materials were chosen due to their magnetic
properties are different. The FeCo alloy is a material with
several unique characteristics such as high curie temperature,
high mechanical strength and is a soft magnetic solid (has a
high saturation magnetization and low coercivity) '¢*. On the
other hand, magnetite is a hard magnetic material, presenting
a low saturation magnetization and a high coercivity %. Thus,
the coupling of these materials will surely generate a structure
with promising properties. Furthermore, it is important to
mention that the addition of cobalt in the magnetite structure
has been found to improve the coercivity and increase the
chemical stability of the solid compared to pure magnetite .
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There are few studies that use oxidation and reduction
steps (controlled synthesis atmosphere) during the preparation
of nanocomposite solids 23!, as it was used in this work.
On the other hand, the positive effect of the rotary oven
on the formation of the nanocomposites requires further
investigation to confirm its viability. The uniform contact of
the synthesis atmosphere during the oxidation and/or reduction
steps may positively influence on the homogeneity of the
obtained phases. Some studies show the positive effect of
powder agitation during thermal treatment to obtain alloys
or oxides isolated (they are not composites) '**2*. In this
work, the positive effect of the rotary oven on structural
properties was confirmed in the synthesis of FeCo-(Fe,Co),0,
nanocomposite using gelatin route.

2. Materials and Methods

The synthesis of the FeCo-(Fe,Co),0, structure was
performed by proteic sol-gel method. The samples were
prepared in order to obtain 5 g of FeCo alloy with molar
ratio between Fe:Co of 1:1. Initially, they are prepared two
different solutions, the first solution consists of 21.1 g of iron
(III) nitrate nonahydrate {Fe(NO,),9H,0} diluted in distilled
water and then mixed with 10.6 g of gelatin (GELITA™) under
constant thermal agitation to obtain a uniformly dispersed
mixture (40°C with rotation of 50 rpm). Concomitantly,
the second solution containing 15.2 g of cobalt (II) nitrate
hexahydrate {Co(NO,),6H,0} diluted in distilled water and
mixed with 7.6 g of gelatin also under continuous agitation
(40°C with rotation of 50 rpm). Subsequently, the solutions
containing the gelatin and the nitrates compounds were mixed
in a single container and maintained under constant thermal
agitation at 100°C until the mixture acquire the consistency
of a uniform gel. Afterward, this mixture was placed in a
drying oven and remained for 48 h at 100°C. The mass ratio
between metal and gelatin was 1:0.5.

The obtained xerogel was macerated, forming a very
fine powder, which was calcined in a rotary oven at 700°C
for two hours with an air flow of 50mL/min and a rotation
of 20 rpm in order to completely oxidize the sample. After,
the oxidized solid, still in the rotary oven, is imposed a
temperature of 500°C for one hour with a hydrogen flow
of 40mL/min and with a rotation of 20 rpm in order to
completely reduce the sample to alloy. The alloy is returned
to the rotary oven with a mixed flow of nitrogen and air
(25mL/min of nitrogen and SmL/min of air) for 5 min at
various temperatures from 400°C in order to control the
ratio between FeCo and (Fe,Co),0,, since the FeCo alloy
oxidizes when placed in the oven at temperatures higher
than 400 °C, generating magnetite (Fe,Co),0, with some
cobalt atoms in the magnetite lattice.

A little oxidized sample was collected from rotary over
for characterization in order to observe the magnetite phase
with cobalt atoms in its lattice. Re-oxidation processes were
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carried out at temperatures of 450 and 500°C in order to
analyze what happens with the FeCo alloy when subjected
to higher temperatures. The different samples were named
CS-X where X is the re-oxidation temperature of the solids.
Table 1 shows the conditions used for each material and
their names.

Finally, the oxidation, reduction and re-oxidation steps
of the sample CS-420 were performed without rotation in
order to study the effect of the sample rotation during the
oxidation/reduction/re-oxidation process on the microstructure
of nanocomposite (crystallite size and microstrain). The
powder without rotation was designated CS-420-WR.

Thermogravimetric analysis (TG) was also carried out using
a Shimadzu DTA-60H. The measurements were made under
air flow (40 mL/min) with a temperature range between 23
and 1000 °C, heating rate of 10 °C/min. The crystallographic
structures were determined by X-ray diffraction (XRD) using a
X-Pert PRO MPD Panalytical diffractometer for polycrystalline
samples. Phase identification was performed through X-Pert
HighScore Panalytical software and the JCPDS-ICDD 2003
database *. Additionally, Rietveld refinements were done
using GSAS software ** and EXPGUI interface ¢, after
determining instrumental broadening by means of refining
a LaB, NIST standard sample. The modified Pseudo-Voigt
function (Thompson-Cox-Hastings) was chosen to adjust the
profiles of the diffraction peaks for the identified crystalline
phases. The width at half height (FWHM) of the peaks
was used to calculate the crystallite size using the Scherrer
equation *” and Williamson-Hall plot **.

The width at half height of the diffraction peak contains
information about crystallite size and microstrain. The
method developed by G. K. Williamson and W. H. Hall
suggests a way to separate these two contributions, the total

Table 1. Samples used and their captions.

Samples Condition
Pure alloy (FeCo)

Pure oxide {(Fe,Co0),0,}

Xerogel -> oxidized -> reduced
Xerogel -> oxidized

Xerogel -> oxidized -> reduced

5490 -> re-oxidized (400°C)
e
L
gy
g
CS-500 oxidized -> reduced ->

re-oxidized (500°C)
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width of the diffraction peak () is written as the sum of the
contributions, Equation (1):

B=PBs+Bc )

The width relative to the crystallite size () is obtained
by the Scherrer equation, while the width due to strain
contribution (B) is demonstrated from the Bragg equation *.
The resulting expression is written according to equation (2).

~ kA
B=CetgO)+ 524 @

Where C is a function that depends on the nature of the
strain, which can assume as equal to 4, ¢ is the microstrain, k is
the Scherrer constant, A is the wavelength, D is the crystallite
size and 0 is the Bragg angle. This is a straight line equation,
where its linear coefficient is the inverse of the crystallite
size and the angular coefficient is the microstrain 3.

Images were obtained with a scanning electron microscopy
(SEM-FEG) using a EVO LS15 Carl Zeiss with an energy
dispersive X-ray spectrometer (EDS) from Oxford - INCA
in order to obtain information concerning the morphology.
It was possible to obtain the particle size distribution and the
size of the (Fe,Co),0, particles from SEM images.

The samples for transmission electron microscopy
(TEM) analyzes were prepared by depositing one drop of the
dispersed solid in isopropyl alcohol, previously macerated
and sonicated using an ultrafine amorphous carbon film on
a copper grid. The images were obtained in the JEOL 2010
TEM microscope of 200 kV. The size of the (Fe,Co),0,
particles was also estimated by TEM images.

Fundamental information about the alloy and magnetite
was obtained by Mossbauer spectroscopy carried out at room
temperature using a ’Co source in a thodium matrix. The
curves were deconvoluted using Normos-90 and PC-Mos
1T and a least-square fitting routine *°. Complementing the
magnetic analysis, magnetic hysteresis loop was achieved by
vibrating sample magnetometry (VSM) at room temperature,
with an external magnetic field range between -12 and 12 kOe.

3. Results and Discussion

3.1 Thermal Properties-TG

A result of great interest in the work, as shown in
Figure 1, it was the fact that FeCo alloys synthesized by
the protein sol-gel route showed a high chemical stability
against oxidation. The TG measurement in the pure alloy
shows a mass gain at temperatures higher than 400°C.
For this reason, a temperature of 400°C was used for the
re-oxidation process of the FeCo alloy to obtain a layer of
oxide on the alloy. It is worth to emphasize that a mixture of
air and N, (air diluted in inert atmosphere) was used, since

Figure 1. Thermogravimetry Measure (TG) of xerogel under air
atmosphere.

it is desired to obtain only a thin layer of oxide on the alloy
(nanocomposite), avoiding complete oxidation of the alloy.

3.2 Structural properties (X-ray diffraction)

The X-ray diffraction of the reduced sample shows a
single phase of FeCo (ICSD nu. 56273), which has a space
group of the Pm-3m type and the lattice parameters of the unit
cell obtained through Rietveld refinement are a=2.85687A
+/-0.000013 A. It is observed that they are practically the
same comparing with the value obtained in the literature,
a=2.857 A %, The average crystallite size obtained by the
Sherrer equation is 75 nm. Figure 2 shows the diffraction
profile of the sample as well as the graph generated by the
Rietveld refinement and the Williamson Hall plot (W-H). The
Rietveld refinement confirms the FeCo phase and the W-H
plot indicates a high degree of homogeneity regarding the
crystallite size of the sample, indicating that use of the rotary
oven favors the reduction of microstrain. The slope of the
W-H plot, give information about strain. The larger strain is
obtained when the plot is more inclined. Some works show
that the strain is inversely proportional to the crystallite size,
which is related to the formation of crystallite boundaries.
For larger strain values, more crystallite boundaries will
exist, causing a decrease in the average crystallite size. On
the other hand, a smaller strain value give a fewer crystallite
boundaries, causing an increase in the average crystallite size.
Therefore, less lattice deformations, cause fewer crystallite
boundaries, causing greater homogeneity in the crystallite
size distribution. 44,

It was also done the diffraction analysis of the fully oxidized
sample, Figure 3a, in order to observe separately the oxide
phase, and for the refinement a single phase of Magnetite
(Fe,0,) (ICSD nu. 84611) with space group Pm-3m was
used. The refinement confirmed the presence of this phase,
whose lattice parameters are a= 8.380770A +/-0.000878A,
which are compatible with the literature a= 8.375 . For the
synthesis of this material the iron:cobalt molar ratio was
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Figure 2. a) X-ray diffraction (XRD) measurement and refinement by the Rietveld method of the pure FeCo alloy sample. ») Williamson-

Hall plot constructed from refinement results.

1:1. It is observed that the diffraction profile of this cobalt
oxide is similar to the diffraction profile of the magnetite,
considering that the atomic radius of cobalt as well as its
scattering factor are very close to the iron. Therefore, it may
be verified that this solid is a magnetite doped with cobalt.

The X-ray diffraction of the re-oxidized samples at
different temperatures (400, 415, 420, 425, 430 and 435°C)
are exposed in Figures 3b, 3¢, 3d, 3e, 3fand 3g, respectively.
The profiles have two phases, the first related to FeCo alloy
(ICSD nu. 56273) and the second concerning magnetite
(Fe,Co),0, (ICSD nu. 84611), which this second phase
presents a spatial group similar to the FeCo phase, Fd-3m.
The lattice parameters obtained using the Rietveld refinement
for the FeCo alloy and the magnetite are, a=2.855092 A +/-
0.000048 A and a=8.392179 A +/- 0.001190 A, respectively.
It was observed that these values are slightly different from
the values found in the literature (2.857 A for the FeCo
phase and 8.375 A for the Fe,O, phase) '*%. For the FeCo
phase the explanation is given by the reason that the FeCo
alloy is oxidizing, it is not pure, since a phase transition of
the FeCo alloy to (Fe,Co),0, is occurring. However, for the
second phase, as has been explained previously, a magnetite
doped with cobalt atoms is observed, which causes a slight
change in the lattice parameter due to the magnetite lattice
distortion by the cobalt insertion in its structure. In Table 2
are present the concentrations of both phases as well as the
crystallite size of the FeCo phase.

It is observed that the increase of the re-oxidation
temperature directly influences the concentration of the
magnetite phase, since with a higher re-oxidation temperature
it is observed a higher concentration of the magnetite. It is
also possible to observe that as the magnetite phase increases
the crystallites size of FeCo alloy decreases, indicating that
the FeCo alloy is functioning as an iron and cobalt donor
source for magnetite. These results are in agreement with

the TG profile in Figure 1, since the oxidation of the alloy
begins to occur from 400°C.

In order to obtain the average thickness of the (Fe,Co),0,
phase using the Rietiveld refinement, a calculation was made
using the crystallite sizes of the FeCo phase obtained in
the pure alloy sample and in the alloy-oxide mixtures. The
crystallite size of the FeCo alloy phase is used for each sample
from mixture and the crystallite size for the pure FeCo alloy,
taking into account that all the pure alloy samples prior to
the re-oxidation process have the same size and also that the
(Fe,Co),0, structure prevents growth of the FeCo alloy phase.
Therefore, there is a mechanism to estimate the thickness
of the (Fe,Co),0,,
published works *45. The results of this calculation for all

which is in agreement with previously

the re-oxidized samples are present in Table 3.

X-ray diffraction measurements were performed in two
new samples in order to observe what happens with the FeCo
alloy at higher temperatures after re-oxidation, Figure 4. It
is possible to observe from the identification of phases and
consequently after the refinement, the presence of two phases
concerning magnetite (Fe,0,) and cobalt oxide (Co,0,). Itis
also noted that the structure remains unchanged in the range
0f450 and 500°C, increasing only the crystallite size due to
the effect of temperature on crystallite sintering, since the
diffraction profile is the same for the two solids (relative
intensity and position of each peak). The fact that only oxide
in the reoxidized solids at 450 and 500°C were observed
are in agreement with the TG result, Figure 1, since in this
temperature range it is already observed a significant mass
gain referring to the complete oxidation of the alloy.

3.3 Morphological properties (SEM and TEM)

High resolution scanning electron microscopy analyzes
were performed for two specific samples in order to obtain
information related to the morphology of the synthesized
materials as well as to estimate the average particle size and
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Figure 3. X-ray diffraction (XRD) and refinement by the Rietveld method of the sample: @) Pure oxide. b) CS-400. c¢) CS-415. d) CS-
420. ¢) CS-425. f) CS-430. g) CS-435.
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Table 2. Quantitative results obtained using Rietveld refinement.

Phase Concentration (%) Crystallite size

Sample

(FeCo/(Fe,Co0),0,) (nm), FeCo alloy

Pure alloy 100/0 145
CS-400 89.81/10.19 107
CS-415 50/50 96
CS-420 42.79/57.21 85
CS-425 31.72/68.28 60
CS-430 18.68/81.32 47
CS-435 3.11/96.88 39
Pure oxide 0/100 -

Table 3. Average thickness of the (Fe,Co0)304 phase estimated
using XRD and Rietveld refinement.

Sample thickness of the (Fe,Co),0,(nm)
CS-400 38
CS-415 48
CS-420 60
CS-425 85
CS-430 98
CS-435 106

compare with the crystallites size obtained by XRD using
the Scherrer equation.

A nanoparticle agglomerate is observed in Figures 5a, 5b
and 5c, moreover, it is also possible to observe a very thin
layer around the nanoparticles, indicating the formation of a
thin layer of magnetite on the FeCo alloy. The particle size
range is between 100 and 140 nm, as shown in the particle
size distribution histogram of Figures 6a, 6b, 6¢, respectively.
This result is close to the results obtained by Scherrer's
equation, considering that the crystallite size was added with
the (Fe,Co),0, thickness, as had been predicted. The average
(Fe,Co),0, thickness in all images is approximately 30 nm,
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and this value is also close to the thickness estimated by the
Rietveld method in Table 3, which confirms the viability of
the XRD calculation (Rietveld refinement). In Figure 5d, an
agglomeration of FeCo particles is observed whose average
size is 200 nm. The particle size distribution is presented
in Figure 6d.

Transmission electron microscopy measurements was
a challenge due to the samples were magnetic causing the
deflection of the electrons by the field. Figure 7 shows a
Transmission Microscopy image of the CS-400 sample.
By contrast, it is possible to observe that some particles are
covered by a thin layer, confirming the formation of a thin
layer of oxide on the alloy. The average particle size is ranging
from 110 to 149 nm which is in agreement with the values
obtained via Rietveld refinement and SEM-FEG. The average
value of the (Fe,Co),0, thickness is approximately 30 nm,
which is also in agreement with the values obtained through
Rietveld refinement by XRD and FEG-SEM. Therefore, the
use of a controlled mixture of air and N, at the appropriate
temperature is interest to obtain a thin layer of oxide on the
alloy (self-assembled FeCo-(Fe,Co),0, nanocomposites)
using the gelatin method.

3.4 Magnetic properties (VSM)

The hysteresis curves of the pure FeCo alloy sample,
pure oxide, CS-400 and CS-420, are shown in Figure 8a.
Comparing the FeCo pure alloy sample with the pure
oxide, it can be seen that the pure alloy has a slightly higher
saturation magnetization twice compared to pure oxide,
as expected. On the other hand, the coercivity of the pure
oxide sample is greater than the pure alloy, confirming that
FeCo alloy is a soft magnetic materials and (Fe,Co),0, is
a hard magnetic material. It is also possible to observe that
increasing the amount of oxide in the samples CS-400 and
CS-420 compared to the pure alloy provides a decrease in the
saturation magnetization of the material. It is also possible to

Figure 4. X-ray diffraction (XRD) measurement and Rietveld refinement of the samples: a) CS-450. b) CS-500.
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Figure 5. Scanning electron microscopy images for the sample CS-400.

Figure 6. Particle size distributions of the sample CS-400 obtained by FEG-SEM.
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observe an increase in coercivity (zoom in the central region
of the hystereses). The saturation magnetization values of
the solids are present in Table 4.

Figure 7. Transmission electron microscopy images for the CS-400
sample. The red arrows represent the FeCo alloy while the yellow
ones represent the (Fe,Co),0, phase (magnetite doped with Co).

Figure 8. Vibrating sample magnetometer measurement done at
room temperature for the sample: pure alloy, CS-400, CS-420 and
pure oxide.

Table 4. Saturation magnetization (Ms), ratio between the remaining
magnetization Mr and Ms (Mr/Ms), coercive field (Hc) for oxide,
pure alloy, CS-400 and CS-420 samples.

Sample Ms (emu/g) Mr/Ms Hec (Oe)
Oxide 45.10 0.55 572
Pure alloy 89.50 0.17 392
CS-400 61.76 0.10 240
CS-420 75.59 0.22 333
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Another effect that has been observed is the increase of
the Mr/Ms ratio value (Mr: remanent magnetization and Ms:
saturation magnetization), when the re-oxidation temperature
is higher, consequently when the oxide concentration is higher.
Table 4 presents the ratios for the oxide, pure alloy, CS-400
and CS-420 samples. It was obtain a Mr/Ms ratio of 0.55
for the pure oxide. This value agrees with the theoretically
predicted for a system containing single-domains magnetic
nanoparticles with uniaxial anisotropy.

Itis observed that there are no jumps for all the magnetization
curves, thus, it is a curve similar to a hysteresis obtained for
a single phase, indicating that the magnetization for both
phases are working cooperatively and the fields generated
by both materials are working together and are not canceled
in any way *. This fact may be explained by the exchange
spring magnetic behavior. Therefore, the reoxidized materials
have both high saturation magnetization and high coercivity,
which is different from the isolated materials.

Thus, the data of magnetic characterization indicate that all
of the nanocomposites containing FeCo alloy and (Fe,Co),0,
exhibit ferromagnetic behavior. These nanocomposites
consist of magnetically hard and soft phases where there is
some degree of magnetic exchange coupling between the
FeCo alloy and magnetite domains.

3.5 Chemical environment of Fe (Mossbauer
spectroscopy)

Madssbauer spectroscopy was done at room temperature
in the pure FeCo and in the CS-400 and CS-420 re-oxidized
samples. The results are shown in Figures 9a, 9b and 9c,
respectively. It is possible to observe only one sextet and one
singlet for the pure alloy sample, showing that the alloy has
a great homogeneity related to the chemical environment of
iron and the iron is only in one site according to the obtained
hyperfine parameters presented in Table 5, which confirms the
body-centered cubic structure observed in X-ray diffraction
(Figures 2 and 3).

On the other hand, in the spectrum of the re-oxidized
samples, it is possible to observe a doublet in the two samples
whose hyperfine parameters are shown in Table 5, and the
values are equivalent to those found in the Fe,O, phase
(magnetite) #’. Furthermore, a single sextet was observed in
the CS-400 sample, indicating that the iron is in only one site
concerning the structure BCC, while in the CS-420 sample,
two sextets were observed, indicating that iron is present in
two different sites, the first BCC and the second the FCC
(face-centered cubic structure). It is observed that the spectra
obtained by Mossbauer spectroscopy corroborate with the
same phases identified by X-Ray Diffraction and confirmed
by the Rietveld refinements. Therefore, the Mossbauer results
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Figure 9. Mossbauer spectroscopy results of the sample: a) Pure alloy. b) CS-400. c) CS-420.

Table 5. Hyperfine parameters obtained from Mdssbauer spectroscopy.

Sample Type HF (T) (mcr)ns/s) (mlnsl s) 1(\0r/oe)a
;‘l‘:; Sextet 36.5164  0.025  0.0132 9497
Singlet - - 0.0489  5.03
CS-400  Sextet  30.0 0.00 011 9563
Doublet - 0.60 0.21 4.37
CS-420  Sextet 51435  -0.02 0.37 19.3
Sextet  48.868  0.00 029 746
Doublet - 0.68 0.26 6.1

also confirm that a small amount of oxide was formed on the
alloy after the re-oxidation process as already confirmed in
previous results (XRD, SEM, TEM and VSM).

3.6 Effect of the powder rotation on the formation
of FeCo-(Fe,Co), O, structure

It was selected the sample CS-420 in order to analyze
the influence of the powder rotation employed during the
synthesis steps on the homogeneity of the obtained phases.
For comparison, it was redone the oxidation/reduction/
reoxidation steps without rotation (CS-420-WR sample).

The XRD results of the solids with and without rotation
are presented in Figure 10-a and the Williamson-Hall plot in
Figure 10-b. Comparing these results with the data obtained

for the solid CS-420 with rotation, it was observed that the
rotation of the sample is essential for the formation of a thin
layer of oxide (magnetite) on the FeCo alloy, considering
that the alloy was not observed in the sample without
rotation (Fig. 10-a). The powder without rotation indicated
the formation of magnetite (ICSD nu. 56273) and metallic
cobalt (ICSD nu. 56273), indicating that the alloy was not
formed in this case.

In addition, from the Williamson-Hall plot (Figure 10-b),
it was noted that the rotation of the powder during synthesis
using the rotary oven produces particles with low microstrain
and superior homogeneity, since showed a lower value of
microstrain and a better fit of data points (higher correlation
coefficient). Thus, the use of a rotary oven is essential to
obtain solids with low defect density, high purity and better
homogeneity related to the crystallite size.

4. Conclusions

It was possible to obtain a magnetically exchange coupled
FeCo-(Fe,Co),0, structure by proteic sol-gel method using
arotary oven. It was also observed that within the magnetite
structure there were some cobalt atoms completing the
magnetite lattice due to the fact that the cobalt atoms have
an atomic radius, as well as an electronic distribution and
the scattering factors very close to the iron atom, allowing its
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Figure 10. @) Diffractograms and b) Williamson-Hall plot for the solid CS-420 with and without rotation.

replacement. A magnetic exchange spring may be occurring in
the FeCo-(Fe,Co),0, structure according to the VSM results.

Increasing the re-oxidation temperature occurs an
increase in the concentration of the magnetite phase as
well as a decrease of the (Fe,Co),0, radius, therefore, it is
possible to control the (Fe,Co),0, phase concentration as
well as the (Fe,Co),0, radius through the temperature and
the correct choice of the N, and air flow. The rotary oven
employed in the synthesis is essential for the formation of
FeCo-(Fe,Co),0, structure with low microstrain and high
homogeneity related to the crystallite size.
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