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We explore a simple and optimized approach for obtaining magnetic nanoparticle-carbon composites by a
novel one-pot sol-gel method. In them, various metal cations ratios of Fe** and Co?* are evaluated. The ratio
of Fe:Co is a critical parameter that governs the presence of different crystalline phases with tailored
magnetic properties. Interestingly, the smallest introduction of Co into the synthesis (19Fe:1Co) provides an
abrupt emergence of the body-centered cubic (bcc) Fe-Co alloy, instead of the orthorhombic Pnma structure
characteristic of the Fes;C intermetallic compound (1Fe:0Co). Advanced structural and electronic char-
acterizations reveal the formation of Fe-Co/Co-ferrite core/shell nanoparticle structures embedded in a
carbon matrix. The sphere-like nanoparticles range from 10 to 45 nm and the shells show a spinel structure
with a thickness of 2-3 nm. In addition, X-ray absorption spectroscopy unveils that the oxidation state of Fe
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Fe-Co alloy and Co cations is close to zero, demonstrating their predominant metallic character. The magnetic prop-
Spring-exchange. Semi-hard magnetic erties can be modulated by a precise control of the alloy composition varying the Co content, displaying
properties saturation magnetization values close to ~137 emu/g. The nanoparticles are mainly single magnetic domain

with a considerable coercive field (~450 Oe), higher than those reported in the literature for Fe-Co nano-

particles. This semi-hard character is due to a notable spring exchange effect emerged by passivating the

surface of Fe-Co-bcc cores with a thin Co-ferrite-like shell.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction superior chemical stability compared to that displayed by metallic

Fe, and good magnetic properties when it is alloyed with other

In the current fervent study of nanostructured magnetic mate-
rials, metal-carbon-based ones have provided a wide field of re-
search [1-3]. More specifically, standing out from magnetic oxides,
carbide-based magnetic nanoparticles (M-NPs) such as the iron
carbide (cementite, Fe3C) have attracted interest by combining two
highly functional properties induced by the carbon presence, i.e., a

* Corresponding author at: Instituto de Magnetismo Aplicado (IMA-UCM-ADIF),
28230 Madrid, Spain.
E-mail address: albcasO4@ucm.es (A. Castellano-Soria).
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metals. Subsequently, in the paradigm of magnetic optimization
properties, the body-centered cubic (bcc) Fe-Co alloy is a ferro-
magnetic material (FM) known to reach the highest saturation
magnetization (Ms) value (~240 emu/g for permendur, FesqCosp),
displaying a large permeability and an elevated Curie temperature
(~1100 K) [4,5]. The alloy shows a soft magnetic character due to its
low magneto-crystalline anisotropy values, close to ~20 kJ/m> [6-8].
Moreover, the excellent and potential magnetic properties of the Fe-
Co alloys with NP morphology have ensued a great interest in nano-
application fields like biomedicine as highly sensitive tracers for
magnetic-particle-imaging (MPI) [9], magnetic fluid hyperthermia
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[10], and photothermal drug delivery [11]; as supporting media for
enhanced catalysis, electrocatalysis, and magneto-assisted catalysis
[12-15]; and as efficient microwave absorption [16,17], magne-
torheological fluids [18], and spintronics [19].

Hence, many efforts have been devoted to the synthesis and
control of magnetic properties of this alloy covering a wide variety of
methods. From solid state methods, Fe-Co alloys are obtained by
methane chemical vapor deposition (M-CVD) [20], pulsed laser de-
position (PLD) [21,22], sputtering [8,23], and mechanical alloying
[24]. In turn, chemical methods such as metal-powder assisted-re-
duction [18] and sol-gel-based synthesis [25] have also been em-
ployed. These approaches combine both high control of the alloys,
simply by adding or changing the starting materials salts, and scal-
ability and reproducibility of the nanomaterials obtained [26].
Among these, the polyol route performed in an alkaline medium and
some variants, are the most widespread scalable synthesis proce-
dures that provide good control in NP morphologies and size-dis-
tributions [15,27-32]. The polyol synthesis (basic media) commonly
offers higher sizes for the obtained NPs (80-300 nm). By contrast,
the sol-gel method is performed in acid pH and considerably reduces
the particle sizes up to ~10-70 nm. It is usually based on macro-
molecules or biopolymers [33-35], polyol with post-annealing
method [7,26], or wet impregnation and co-precipitation techniques
[36]. In this sense, small NPs could be advantageous in the frame-
work of the hardening-engineering of magnetic materials. Other
variants, like the microemulsion-method [6], also shows narrow
particle size distributions (PSDs) and small sizes < 10 nm. These are
comparable with the crystalline quality of CVD methods, but results
in NPs with a softer magnetic character than those above described.

The tuning and optimization of the magnetic properties of Fe-Co
alloyed systems has also provided a wide field of fundamental re-
search too. Recent ab-initio density-functional theory (DFT) studies
have theoretically explored other alternatives as intermetallic com-
pounds like Fes_4Co,C substitutional phases of the orthorhombic
Pnma structure of the FesC with crystalline anisotropies around
hundreds of kj/m> [37]. Although the presence of Co as substitu-
tional solute increases the instability of cementite [38,39], some
experimental evidence demonstrates that Fes;_4CoxC NPs can be
obtained by chemical-synthesis methods with substitutional values
of x < 0.3 [40] or even higher [41]. In any case, a broad investigation
about its structural characterization, compositional control, and re-
producibility, is needed to understand the relevance of this complex
system. Furthermore, other ab-initio studies have predicted a stable
body-centered tetragonal (bct) phase for Fe-Co with C impurities,
showing a magneto-crystalline anisotropy comparable with Fe-Pt
alloys (~750 kJ/m3). Therefore, C-based Fe-Co alloys could be perfect
candidates for improving the properties of rare-earth-free perma-
nent magnet applications [42,43].

Furthermore, experimental confirmations of the stabilized Fe-Co
bce phase are found in: i) a thin film of 100 nm via V and N addition
by a dc-magnetron co-sputtering, displaying a value of 1.24 M]j/m>
[44], ii) AuCu/FeCo core/shell NPs by inducing a tetragonal distortion
that changes the coercive field (H.) from 54 to 627 Oe by a re-
ordering of the cores when are annealed at 380 °C [45]. These ex-
amples are promising results but the desired scalability for industrial
transference has not been reached yet. However, other approaches
based on reduction of Fe,CoO4 have provided successful results in-
creasing the hardness of such Fe-Co-bcc alloy through the spring-
exchange effect at the interface between the core and the shell in
FM/FM (FeCo/Fe,Co0,4) NPs, but with elevated contents of oxide
phase that degrades their M; values [46,47]. Therefore, a full-un-
derstanding of the magnetic properties of Fe-Co alloyed systems, the
optimization of its magnetic hardness, and the reproducibility and
scalability of product materials by low-cost synthesis methods are
currently a challenging field of study.
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In this work, we address some of those issues by exploring a
synthesis approach to obtain Fe-Co NPs based on a sol-gel macro-
molecule-surfactant method for fine-tuning their magnetic proper-
ties. Different metal cations ratios of Fe>* and Co?* are introduced in
the synthesis ranging from 1:0, 19:1, 5:1, 2:1 and 1:2 (Fe:Co). An
advanced structural, electronic, and magnetic characterization of the
composites is carried out. The magnetic properties correspond with
a semi-hard magnetic carbon composite, displaying an elevated M;
around 137 emu/g and enhanced H. values around 450 Oe. This
semi-hard character is due to the spring exchange effect between
the soft FM core and the semi-hard FM shell. The presence of the Co-
ferrite detected (~8%) is much lower than in recent reports (~ 20,
40 wt%) [47,48], indicating a highly effective shell capping for the
hardening of the Fe-Co-bcc cores. A review of the state-of-the-art of
the coercivity of this type of Fe-Co nanoparticles shows the re-
markable magnetic properties of the ones presented in this work.
This fact could offer potentially multifunctional properties of in-
terest for future applications.

2. Experimental techniques
2.1. Synthesis of the Fe-Co/Co-ferrite core/shell nanoparticles by sol-gel

The NPs embedded in carbon matrix have been prepared through
a novel sol-gel synthesis based on the use of large linear chains of
organic molecules as surfactants with elevated and similar boiling
points: oleic acid (OA, 360 °C) and oleylamine (ON, 364 °C). The
hydrated nitrates Fe(NOs)3:9 H,O (Alfa Aesar +98%) and Co
(NOs),-6 H,0 (Alfa Aesar +98%) were used as salt precursors. Firstly,
they were completely dissolved in 50 mL of absolute ethanol
(PanReac +99%) with a specific ratio Fe**:Co? and keeping a fixed
sum amount of 12 mmol between Fe and Co ions. Then, the dis-
solution was left for 15 min at 40 °C under a vigorous magnetic
stirring. Subsequently, HNO3; was added as catalyst until pH~ 1-2.
Secondly, 5 mmol of ON (ACROS Organics 80-90%) were added
dropwise and, after 15 min, the same quantity of OA (Sigma-Aldrich
90%). The resulting solution was maintained for 24 h under stirring.
Then, the temperature was raised up to 75 °C for 36 h to dry the sol-
gel. Finally, the xerogel obtained was introduced in a horizontal tube
furnace under a N, atmosphere. The densification process was per-
formed at a rate of 5 ®C/min up to 700 °C and it was kept at this
temperature for 1 h. Finally, the obtained material was milled using
an agate mortar.

2.2. Morphological, structural, electronic, and magnetic
characterization

Crystal structure was examined by synchrotron X-ray diffraction
(SXRD) measurements carried out at the beamline BM25 of the
European Synchrotron Radiation Facility (ESRF) in Grenoble (France).
The incident X-ray radiation used was 15 keV (A = 0.8266 A). The
powders were introduced in a spinning quartz capillary (0.5 mm
diameter) and the acquisition was performed in the 26 range
8-57.5°, with 0.0075° steps. A 2D photon-counting X-ray MAXIPIX
detector was employed, and the data were processed with the
BINoculars software [49,50]. The crystal structure, lattice parameters,
compositional percentage of phases and volume-weighted average
crystallite size of the samples were inferred from Rietveld refine-
ments, which were performed using the Profex interface of BGMN
Rietveld software [51].

Morphological features, crystalline structure, particle size dis-
tribution (PSD), and compositional analysis of the nanostructures
encased in the carbon matrix were analyzed by high resolution
scanning transmission electron microscopy (STEM) combined with
electron energy-loss spectroscopy (EELS), using a JEOL JEM
ARM200cf with a cold field emission source, working with a CEOS
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Fig. 1. (a) SXRD diffractograms for the samples synthesized with different Fe:Co ratios (1:0, 19:1, 5:1, 2:1, 1:2), and zoom insets for minority phases. (b1) Percentage composition
of the phases and (b2) their crystallite size calculated from Rietveld analyses. (b3) Lattice parameter of the Fe-Co bcc phase (Im-3 m) (red) and those reprinted from [5] (yellow

circles). *Fe denotes a synthesized reference-bulk-bcc-sample.

aberration corrector operated at 200 kV and equipped with a Gatan
Quantum EELS detector. To compose the compositional maps, noise
was removed from EELS spectrum images using principal compo-
nent analysis [52]. EELS elemental maps were obtained by in-
tegrating 30-40 eV wide windows under the relevant edges after
background subtraction using a power law fit. Additionally, the
STEM images were processed by Image] software[53].

The electronic characterization, oxidation state, and local struc-
ture coordination were studied by X-ray absorption spectroscopy
(XAS) at the BL22 CLASS beamline of the ALBA synchrotron facility
in Cerdanyola del Vallés (Spain) [54]. Both X-ray absorption near-
edge structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) experiments were achieved at room temperature in
transmission geometry at Fe (7112 eV) and Co (7709 eV) K-edges, for
fabricated sample-powder-cellulose compacted films. The mono-
chromator used in the experiments was a double Si(311) crystal.
Different metal foils and oxide references were measured (see
Supporting Information) and used to calibrate the energy. XAS data
are analysed in accordance with standard procedures using the
ATHENA and Artemis program packages [55].

The magnetic properties of the nanostructured powders were
measured with a vibrating sample magnetometer (VSM) coupled to
a physical property measurement system (PPMS model 6000

controller, Quantum Design). The magnetic hysteresis loops were
collected at room temperature with a maximum applied magnetic
field of 50 kOe.

3. Results and discussion
3.1. Structural properties and phase composition

To test the versatility of the synthetic route, five samples were
synthesized with a Fe:Co molar ratio of: 1Fe:0Co, 19Fe:1Co, 5Fe:1Co,
2Fe:1Co and 1Fe:2Co. The surfactants used in the synthesis, with a
molar ratio of T0N:10A, act synergistically constraining the particle
size of primal Fe, Co or Fe-Co oxidized NPs formed at tempera-
tures< 500 °C (see Supporting Information). Densification tem-
peratures up to 700 °C ensure an effective carbothermal reduction of
the Fe-Co-oxides giving rise to FesC or Fe-Co-alloyed NPs embedded
in a carbon matrix [56]. The surfactant concentration of 5 mmol (ON,
OA) is also adjusted, optimizing the lowest presence of carbon ma-
trix. We probe that a xerogel synthesized with 1 mmol for 1Fe:0Co,
does not contain enough organic carbon to promote the reduction of
oxides, and even, it impedes the formation of FesC NPs, obtaining a
bulk material (see Supporting Information).
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Fig. 1-a shows the X-ray diffractograms for the five ratios of Fe:Co
tested. The Rietveld analysis allows to extract quantitatively the
compositional percentage (Figs. 1-b1), the average crystallite sizes
(Fig. 1-b2) and the lattice parameters (Fig. 1-b3) of the phases in-
cluded in the model for the refinement, (see Supporting
Information). Firstly, the null content of Co (1Fe:0Co data) produces
the orthorhombic phase of the intermetallic compound FesC (ce-
mentite), with a crystallographic group Pnma. From the Rietveld
refinement, the lattice parameters are agesc = 5.093(1) A, bgesc
= 6.749(1) A, and cpesc = 4.529(1) A, according to the literature
[39,56]. Secondly, the smallest amount of Co introduced (5%, for the
19Fe:1Co sample) causes the emergence of a bcc phase (Im-3 m)
with peaks at 20 = 23.80, 33.91, 41.85, 48.71 and 54.93°, matching
with the crystallographic planes indexed in Fig. 1-a. A remaining
phase of FesC is also detected, and a small lattice variation is ob-
served (a]:eg,c = 5087(1) A, bFe3C = 6751(]) A, and Cre3c = 4528(1) A)
The unit cell volume is contracted from 155.67(3) to 155.50(2) A in
agreement with some reports that have achieved the Fes_4Co,C
(Pnma) intermetallic-substitutional compound [40,41]. In the pre-
sent case, we understand that it is not a significative difference to
consider that Co is internalized in the orthorhombic structure, at
least effectively, since the Fe3C content decreases from a 72(2) % (in
1Fe:0Co) to a 11(1) % (in 19Fe:1Co), Figs. 1-b1. Hence, the Co addition
acts preventing the formation of the orthorhombic Fes_4Co.C as
experimental phase diagram shows for the Fe-Co alloys [5,57] and as
ab-initio simulations predict [38].

The compositional percentage of the Fe-Co bcc alloy reaches a
maximum of 68(2) % for the 5Fe:1Co sample and decreases up to
37(1) % for the 1Fe:2Co, due to the presence of secondary non-oxi-
dized metallic phases. Its crystallite size ranges from 21 to 27 nm,
very close to the 28 nm obtained for the FesC phase (Fig. 1-b2). The
roughly invariance of the crystalline domain size for both phases
manifests that their growth might be confined by the carbon matrix
influence [56,58]. Additionally, all the Fe:Co diffractograms display a
peak at 26 =14.01° corresponding with the (002) crystallographic
plane of graphite (P63mc), and lattice vector of acg=2.553(5) A and
Ccg=6.924(4) A [58]. Most of the C is lost in the reduction of the
xerogel removed in the form of CO,, and the remaining forms a
carbon matrix [56]. The compositional percentage of the graphite
phase ranges from 24% to 36% and the crystallite size is between 4
and 6nm. The slight increase of the composition values toward
higher Co content could be correlated with the carbon diffusion,
activated by the impossibility of Fe-Co to form a carbide, and hence,
increasing the amount of C crystallized into graphite [59].

Furthermore, the analysis of high resolution SXRD patterns show
systematically a small presence of metallic oxides in all samples, that
evolves with the Co content added to the synthesis. In this sense,
two cubic phases are proposed for the Rietveld analysis models: an
oxide-1 (Fd-3 m) spinel-like; and an oxide-2 (Fm-3 m) face-centred
cubic (fcc). The first one is present in all samples with a small
crystalline size (2-3 nm, Fig. 1-b2). This oxide could be identified as
Fe304 for 1Fe:0Co and with a Co-ferrite for the remaining samples.
The lattice parameter of the oxide-1 for the 2Fe:1Co sample is
8.404(1) A, close to the value of 8.388 A reported in literature for
Fe,Co0,4 [60] instead of 8.243 A for FeCo,0, [61]. The zoom inset of
the 2Fe:1Co diffractogram in Fig. 1-a shows the presence of the
oxide-1, in agreement with the reported in similar studies for the
Fe,Co0, (ferrite) [28]. For more details see Rietveld refinements
models in the Supporting Information. The second phase, fcc oxide-
2, is only present in 5Fe:1Co and 1Fe:2Co samples with a low con-
tent of 4.5(2) % and 4.7(3) % (Fig. 1 b1). The lattice parameters
computed are aspe:1co(oxide-2) =4.297(3) A and ajre:2co(0Xide-2)
=4.232(3) A, matching with 4.301 A for FeO and 4.263 A for CoO,
respectively [62,63].

Despite the stability of Fe-Co alloy, others secondary non-oxi-
dized phases are formed (Figs. 1-b1): y-Co fcc (Fm-3 m) and a-Fe bcc

Journal of Alloys and Compounds 959 (2023) 170244

(Im-3m). Remarkably, the remaining excess of Co crystallizes into a
y-Co (fcc) with a lattice parameter of 3.559(3) A, close to the 3.555 A
reported in literature [64]. Its compositional percentage and crys-
tallite size increase for the highest Co amount added (1Fe:2Co). The
non-presence of hexagonal-close-packaged (hcp) for Co is supported
by the nanometric dimensions of all Co crystallites [65]. Additionally,
a 2.1(1) % of a-Fe (bcc) with a lattice parameter of age =2.867(1) A
and 49(3) nm of crystallite size is obtained for the 1Fe:2Co sample,
that could come from the decomposition of Fe-Co bcc alloy at the
temperatures required for the synthesis (700 °C).

Fig. 1-b3 displays the lattice parameter of the Fe-Co alloy phase
as a function of the Co percentage for the samples 19Fe:1Co,
5Fe:1Co, 2Fe:1Co and 1Fe:2Co. The sample called *Fe, was prepared
with only Fe** ions and a low carbon content (1 mmol of organic
surfactant). This produces a bulk sample of a-Fe with a lattice
parameter of a =2.8670(4) A, according to the reported literature
[66] (see Supporting information). This experimental Fe-reference
sample is appropriate to correlate the evolution of the bcc structure
with the Co addition. The trend observed in Fig. 1-b3 agrees with
other works|5], suggesting a high accurate tunability of the alloy
achieved by the followed synthesis procedure.

High resolution STEM-EELS analyses were subsequently carried
out in two representative samples: 2Fe:1Co and 19Fe:1Co. Figs. 2-al
and b1 show their low magnification annular bight field images
(ABF) respectively, with NPs embedded in a carbon matrix. The NPs
exhibit uneven spherical shapes with a PSD represented in Figs. 2-a2
and b2. For both samples, a bimodal distribution is detected which
has been fitted by two Gaussian curves. The 2Fe:1Co PSD has
maxima at 10.4(1) and 21(1) nm their full width high maximum
(FWHM) values are 5.9(1) and 19.9(1) nm, respectively. This fact
could be due to the low presence of carbon matrix in 2Fe:1Co, which
allows for the NPs agglomeration|[67]. Curiously, some NP sizes are
double by pairwise coalescence. For the 19Fe:1Co sample, two
maxima are located at 24(7) and 45(1) nm. Probably, a primal PSD
distribution centered in ~10nm evolved towards its complete
transformation into ~20-25 nm sizes and, subsequently, ~40-50 nm.
Interestingly, the 21(1) nm PSD maximum inferred from STEM
images is consistent with the 21.7(1) crystallite size calculated by
Rietveld refinement for 2Fe:1Co. Likewise, the PSD maximum lo-
cated at 24.7(5) nm is close to the Rietveld value of 27.7(5) nm for
19Fe:1Co (Table 1). Therefore, the NPs can be considered as single-
crystals.

Figs. 2-a3 and b3 show high angle annular dark field (HAADF)
images of a single NP of 2Fe:1Co and 19Fe:1Co respectively, con-
firming a core/shell structure for both samples. A zoom of the region
marked with a yellow square in Figs. 2-a3 is presented in Figs. 2-a4,
showing the atomic columns of both core and shell contributions.
Two FFTs are represented in the insets 1 (shell) and 2 (core). The
shell is consistent with the (220) and (202) Miller indexes of a Fd-3m
spinel structure (zone axis, ZA = [111]), corresponding both with an
interplanar distance (d) of 0.27(7) nm. Similarly, the FFT core dis-
plays the crystallographic planes (110) and (011) (ZA = [111]), for an
Im-3m bcc structure, giving a d =0.21(2) nm. Therefore, a Fe-Co-
alloy/(Fe,Co04) morphology is identified for the 2Fe:1Co sample and
agrees with the presence of the oxide-1 in the XRD (Fig. 1, inset). For
the 19Fe:1Co sample, the zoom of the shell region indicated with a
yellow square in Figs. 2-b3 shows the (002) planes of graphite with a
d =0.37(5) nm. Likewise, Figs. 2-b4 displays a zoom of the core NPs
shown in Figs. 2-b3. The FFT of the inset displays the (200) and (010)
Miller indexes of a Pnma structure (FesC), with d =0.26(2) and
0.70(3) nm, respectively. As a result, the 19Fe:1Co sample consists in
Fes;C/graphite NPs embedded in a carbon matrix.

The crystalline size, lattice parameters, and interplanar distances
obtained from Rietveld and STEM analyses are summarized in
Table 1 for 2Fe:1Co and 19Fe:1Co samples, obtaining similar values
coming from both characterization techniques.
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Fig. 2. (a) 2Fe:1Co sample: (a1) low magnification ABF image for Fe-Co (bcc) alloyed NPs embedded in a carbon matrix, (a2) PSD, (a3) HAADF image of a Fe-Co/Co-ferrite core/shell
NP, and (a4) HAADF zoom of the region indicated with a yellow square in (a3). Insets 1-2 of (a4) display the fast Fourier transform (FFT) of the shell (Fe,Co0,4) and core (Fe-Co)
respectively. (b) 19Fe:1Co sample: (b1) low magnification ABF image for Fe;C (cementite) NPs embedded in a carbon matrix, (b2) PSD, (b3) ABF image of a FesC/graphite core/shell
NP with a zoom evidencing the graphite shell, and (b4) zoom of the FesC core NP of (b3) with its FFT showed in the inset.

The composites are also studied simultaneously with EELS to
quantitatively analyse the local composition of the core/shell na-
nostructures. Figs. 3-al-a5 show the resulting merged elemental
compositional map for the sample 2Fe:1Co, assigning the intensities
of O (K-edge, blue colour), Fe (L 3-edge, green colour) and Co (L 3-
edge, red colour).

A confined oxygen predominance in the shells and a Fe-Co (bcc)
alloy in the cores is inferred from the images. Analogously, the C, Fe,
and O signals evidence a core/shell NP surrounded by a carbon
matrix (Figs. 3-a2), consistent with STEM results (Fig. 2). The top of
Figs. 3-a3-a5 corresponds to a single representative NP of 2Fe:1Co
sample, showing the signal intensities of O K-edge, Fe and Co L, 3-
edges, respectively. At the bottom, compositional atomic percentage
profiles measured across the particle are displayed corresponding to
the area marked with a yellow rectangle. The integral of the histo-
grams for Fe and Co elements gives an average Fe:Co ratio in the
core/shell NP of 2:1, in agreement with the 2Fe:1Co ratio introduced
in the synthesis. Regarding the shell, the average atomic composi-
tion percentages measured give values of 55% of O, 34% of Fe, and
11% of Co; close to the 57% of O, 29% of Fe and 14% of Co for the
stoichiometric Co-ferrite Fe,CoO,4. This result agrees with the spinel-
oxide for the 2Fe:1Co sample evidenced in Fig. 1-b2. A thickness of
3 nmi is inferred for the shell from Figs. 3-a3 which is also compatible
with the 2.3(5) nm crystalline size calculated by Rietveld.

Finally, Fig. 3-b represents the compositional map for the sample
19Fe:1Co. Similarly, core/shell NPs are found surrounded by a carbon
matrix but, in this case, the surface of the NPs exhibits a lower
oxidation degree and a homogeneous C capping, consistent with the
graphite shells observed in the STEM images (Figs. 2-b3). The regions
marked with orange rectangles (denoted with 1, and 2) suggest that
the 19Fe:1Co sample could be constituted by two types of NPs: Fe5C
(rectangle 1) and Fe or Fe-Co (rectangle 2) NPs as it is obtained by
Rietveld analysis (Fig. 1). The low Co content hinders its detection in
this sample.

Summarizing, here we report one of the most homogeneous and
lowest ratios between core-size and shell-thickness, as compared to
some other reported Co-ferrite capped Fe-Co cores [7,28,33,68],
along with a good degree of tunability of the core alloys.

3.2. Electronic properties

Trying to understand the overall average degree of oxidation of
the whole synthesized Fe:Co samples, and the contribution of the
oxides predicted by Rietveld analysis and corroborated by STEM-
EELS, a XAS analysis was carried out at the Fe,Co K-edges. Figs. 4-al
and b1 show the experimental XANES spectra for samples varying
the Fe:Co ratio along with metallic references of Fe and Co foils,
respectively. In addition, the oxide references: CoO, Co304, FeO, o-
Fe,05 and Fe304 are included in the Supporting Information. At the

Table 1
I): Crystallite sizes and lattice vector inferred by Rietveld refinement. II): Average NP size (diameter) and lattice parameters computed by the STEM
analyses.
I) Rietveld Analyses
Sample Crystalline size (nm) Lattice vectors (A) - "core/shell"
19Fe:1Co 27.7(5) a(prmay =5.093(1), bepnmay =6.749(1) | C(pe3me) = 6.924(4)
2Fe:1Co 21.7(1) am-3m) = 2.86448(3) [ a(ra.3m) = 8.404(1)
1I) HR-STEM Analyses
Sample Particle size (nm) Lattice vectors(A) - "core/shell"
19Fe:1Co 24.7(5), 45(1) a(prmay =5.2(4), bepnmay = 7.0(4) | Cpezme) = 7.2(5)
2Fe:1Co 10.4(1), 21(1) aum-3m) =2.9(4) | a(a.3m) = 7.6(9)
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Fig. 3. (al-a2): Coloured images generated by the superposition of the elemental compositional maps of the 2Fe:1Co sample by the coding: {Co (red), Fe (green), O (blue)} and {C
(red), Fe (green) and O (blue)} respectively. (*) denotes coding colours common for both images. (a3-a5): Compositional atomic percent maps for a single 2Fe:1Co NP based on the
analysis of the O K-edge, Fe L,3-edge, and Co L, ;-edge, respectively. At the bottom of each corresponding histogram, the composition is shown the profiles extracted from the
yellow rectangles. (b) Coloured image by the overlay of the elemental compositional maps of 19Fe:1Co sample: {C (red), Fe (green), O (blue)} (**, no Co detected). Orange rectangle
1 shows Fe-C NPs corresponding with FesC NP, and orange rectangle 2 for Fe rich NP associated with o-Fe.

Fe K-edge (Figs. 4-al), the absorption spectra of all samples are very
similar to that of Fe reference film and correspond to the bcc Fe-Co
structure. The first inflection point of the main Fe K-absorption edge
of samples falls around 7112 eV and is related to Fe quadrupole 1s —
3d transitions [69]. Its intensity is lower than that of a-Fe foil in-
dicating the structural disorder induced by the Co ions into the Fe
structure. The following resonances change in intensity for the
samples, suggesting that the Co addition modifies the coordination
of the Fe-bcc atoms. At the Co K-edge (Figs. 4-b1), the absorption

signal can also be associated mainly with a Fe-Co bcc structure,
against the a-Co reference foil (hcp), where the absorption edge is
around 7709 eV. In this case, the main Co K-absorption edge is as-
sociated with 1s — 4p transitions and its intensity is lower com-
pared to that of Co foil, indicating a structural disorder induced by Fe
ions. The changes in the main post-edge resonances are more pro-
nounced among samples synthesized with the increasing of Co
proportion. This suggests the existence of modifications in the
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Fig. 4. XANES spectra of samples and metallic reference foils: K-absorption edges of Fe (a1) and Co (b1), and the energy value of K-edge of foils at the horizontal text box. Linear
fits for the position of the K-absorption edges with the oxidation state for different commercial metal-oxide reference compounds: K-edges of Fe (a2) and Co (b2), black squares
and circles, respectively. The position of K-edge is displayed in the zoom insets of the dotted squared region. Fourier transform modulus of the EXAFS spectra for (a3) Fe K-edge and
(b3) Co K-edge. Fitting-simulations of the samples (continuous lines) are compared with the Fe and Co foils measured.
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coordination of the Co atoms by the compositional changes and the
y-Co emergence in 2Fe:1Co and 1Fe:2Co samples (Figs. 1-b1).

The overall oxidation state of the absorbing atoms in each sample
is determined from the linear relationship between the K-absorption
edge energy value and the average oxidation state of the atoms of
the metal-oxide references measured [70-72]. Figs. 4-a2 and b2
show both linear fits for the commercial references employed. The
oxidation state of the Fe and Co cations is obtained from the linear fit
at each respective absorption edge. The zoom insets of Figs. 4-a2 and
b2 shows that the main absorption edge for the samples is very close
to that of a-Fe and a-Co reference foils respectively, indicating that
the valence is close to 0 for both the Fe (<0.06, [70,72]) and the Co
(<0.1, [73,74]) cations for all samples. In both cases, the small var-
iations could be both related to a different cation-coordination en-
vironments of Fe-Co bcc alloy and the slight oxidation of the Fe and
Co atoms into the samples. However, such minimal changes indicate
a low presence of oxides in the samples.

The short-range order of cations is analysed as a function of the
Fe:Co ratio. Figs. 4-a3 and b3 display the modulus of the Fourier
transform (FT) of the EXAFS signal at the Fe and Co K-edges for the
samples along with the Fe and Co foils, respectively. The fitting at the
Fe K-edge considers two shells (Fe-Co and Fe-Fe), considering the
interaction of Fe absorbing atoms with both Co and Fe neighbours.
Analogously at the Co K-edge, two shells are also considered: Co-Fe
and Co-Co interactions. Table 2 displays the EXAFS results obtained
from the fitting of samples and reference foils for: the coordination
number N, the interatomic distance R and the Debye-Waller (DW)
factors o2, used as free parameters.

On the one hand, one peak containing the two fitting shells at the
Fe K-edge EXAFS signal (Figs. 4-a3) is clearly identified for all sam-
ples showing a similar signal to that of the Fe foil. The first one is
located at ~2.47 A (Fe-Co bonds) and the second one is at ~ 2.84A
(Fe-Fe) (see Table 2). On the other hand, it is found at the Co K-edge
EXAFS signal (Figs. 4-b3) a first shell located at ~2.47 A (Fe-Co) (si-
milar value than at the Fe K-edge), and the second one is at ~2.85 A
(Co-Co). No longer features of the Co foil are observed for all samples
at long distances, and the new contribution is associated with the
Co-Fe bcc alloys.

In detail, the most significant changes in k*>-weighted EXAFS
spectra of the K-edges of the Fe and Co correspond to the intensity of
two shells fitted, which may be attributed to the coordination of
cations and the DW factor (structural disorder). Respect to the co-
ordination number, a decrease in both two shells obtained for each
K-edge (Fe and/or Co) as the Co amount increases. Whereas the DW
factors are similar in all samples regardless of the shell and the K-
edge considered, except for the 1Fe:2Co sample. For this latter, the
DW factor decreases in the Fe-Fe and increases in the Co-Co shells
respectively, probably due to the large amount of Co in the structure

Table 2
Parameters obtained from the EXAFS fittings for two shells proposed at each ab-
sorption edge.

Sample Absorption edge Shell N R(A) DW (A%)
Fe foil Fe K-edge Fe-Fe 8 2.464(8) 0.0054(2)
Fe-Fe 6 2.84(1) 0.0070(2)
Co foil Co K-edge Co-Co 12 2.501(1) 0.0053(3)
5Fe:1Co Fe K-edge Fe-Co 6.5(2) 2.470(3) 0.0056(3)
Fe-Fe 49(3)  2.836(5)  0.0077(6)
Co K-edge Co-Fe  62(3) 2467(3)  0.0052(7)
Co-Co  51(2)  2.856(8)  0.0054(9)
2Fe:1Co  Fe K-edge Fe-Co  61(3)  2467(8)  0.0058(2)
Fe-Fe 4.6(2) 2.832(6) 0.0074(3)
Co K-edge Co-Fe 5.5(4) 2.470(9) 0.0052(2)
Co-Co  42(3) 2.849(6)  0.0060(6)
1Fe:2Co  Fe K-edge Fe-Co  61(3)  2458(4)  0.0055(5)
Fe-Fe 46(3)  2.8259)  0.009(1)
Co K-edge Co-Fe  47(3)  2.46(6) 0.0054(2)
Co-Co 3.5(4) 2.844(9) 0.0089(6)
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and the rising of the y-Co phase. Finally, a decrease of the radial
distribution is identified at both shells and K-edges as the Co
quantity increases. The lowest values are obtained for the sample
1Fe:2Co, as is reflected in Fig. 1-b3.

Summarizing, these findings corroborate the formation of Fe-Co
bce alloys in the analyzed samples, maintaining the coordination
ratio in both shells (8:6 for the bulk). Nevertheless, a shortening of
some neighbour distances induced by the incorporation of Co in the
Fe lattice is identified, which increases with the Co amount. In ad-
dition, no shell related to any Fe or Co oxides are detected.

3.3. Magnetic properties

Fig. 5-a shows the hysteresis loops for samples with different
Fe:Co ratios. The values of coercive field (Hc) and saturation mag-
netization (M;) are summarized in Table 3 and represented in Fig. 5-
b as a function of atomic percentage of Co added into the synthesis.

The synthesized reference bulk-sample (*Fe bcc in Table 3) pre-
pared with only Fe** and a low carbon content (1 mmol) has a value
of 215 emu/g, very close to 217 emu/g reported for a-Fe [77]. The M;
of 1Fe:0Co sample composed by FesC nanoparticles embedded in a
carbon matrix, is 80 emu/g. This value is lower than the bulk Fe;C
one (~140 emu/g) [39] due to the presence of non-magnetic phases
such as the carbon matrix, which contribute to the mass re-
normalization of the magnetic signal. However, under these pre-
mises, it is at least 40% superior to others FesC NPs@carbon-matrix
systems [78,79]. Regarding the Co-based samples, this effect is also
observed, showing competitive values for Fe-Co based systems
(Table 3).

Interestingly, Fig. 5-b shows that the small addition of Co
(19Fe:1Co) increases the M; correlated with an abrupt emergence of
a 54(1) % of the Fe-Co bcc phase as is reflected in Figs. 1-b1. This
abrupt emergence is accompanied by a decrease of Fe;C orthor-
hombic phase (with lower M;). It is well known that, despite the
elevated M of the Fe bcc phase (~ 218 emu/g), the addition of Co to
form Fe-Co bcc alloys increases the Mg with a maximum of
240 emu/g at ~25-30% of Co [5]. In our work, the 5Fe:1Co sample,
with Fe-Co bcc alloy as a predominant phase, shows the highest M;
(137 emu/g). Lower M; are observed as Co addition increases,
mainly due to the occurrence of the secondary y-Co fcc phase (M;(y-
Co) =165 emu/g [80]), especially in the 1Fe:2Co sample. However,
the compositional percentage of the phases in Figs. 1-b1 allows a
M;renormalization (neglecting the oxides contributions), giving
more realistic increased values for the Fe-Co bcc phase (see red
MPcurve in Fig. 5-b). MP lies around 200 emu/g finding a max-
imum between 15% and 35% of Co concentration, consistent to the
25-30% reported in literature [5,24]. Finally, the renormalized values
(~200emu/g) differ from such reported for pure Fe-Co alloys
(~240emu/g) by the possible contribution of other C-O or C-N-O
amorphous phases present in the matrix that could be not reflected
in Rietveld analysis.

The evolution of the H- values displayed in Fig. 5-b is highly
remarkable. A significative increase is observed in the Fe-Co bcc
samples ranging from 385 to 490 Oe when they are compared to the
39 Oe of the *Fe synthetized sample (typical value for the a-Fe soft
magnetic material). The high coercivity values are not far from those
measured in the 1Fe:0Co sample (Fe;C; H-=585 Oe), which is con-
sidered in literature as a semi-hard magnetic phase. Here, the origin
of the magnetic hardness comes from its orthorhombic magneto-
crystalline anisotropy [2,56]. In the same line, the 19Fe:1Co sample
exhibits an incremented value of 490 Oe consistent with the pre-
sence of the orthorhombic FesC phase (Figs. 1-b1).

To unravel the origin of such augmented Hc in Fe-Co bcc alloys,
firstly, we estimate the magneto-crystalline anisotropy constant, K,
for the samples with predominant bcc contents (5Fe:1Co and
2Fe:1Co), considering that the magnetic response comes from the
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Fig. 5. (a) Magnetic hysteresis loops taken at 300K for the different Fe:Co ratios and the respective zoom inset. (b) Saturation magnetization (blue), and coercive field (green)
dependencies as a function of the Co atomic percentage in the samples. The red data correspond to the MY renormalized values, i.e. the Msfor pure Fe-Co bcc phase for which C-
matrix and other phases obtained by Rietveld refinement are not considered in the total moment measured normalization.

Table 3

Summary of the magnetic parameters for samples with different Fe:Co ratio and an additional *Fe bcc (of a-Fe) synthesized reference sample.

at% of Co Sample Ms £ 1 (emu/g) M?cc (emu/g) Hc £ 15 (Oe) K (kJ/m?) at 300K

0 *Fe 215 - 39 46.8 for pure Fe[75]
0 1Fe:0Co 80 113 585 155 for pure Fe;C[76]
5.0 19Fe:1Co 116 190 £ 5 490 -

16.7 5Fe:1Co 137 203+ 6 450 29.0 [this work]

333 2Fe:1Co 128 203 £ 3 410 26.4 [this work]

66.7 1Fe:2Co 107 201 + 11 385 -

cores (i.e., neglecting the presence of magnetic oxides and graphite).
To do that, a law-approach-to-saturation fitting method (LAS) is used
(see Supporting Information). Assigning for the *Fe experimental
reference sample the well-known value reported in the literature of
K =46.8Kk]/m> for «a-Fe at 300K [75], LAS method gives 29.0 and
26.4k]/m?> for the K constant of 5Fe:1Co and 2Fe:1Co samples, re-
spectively (Table 3). These calculated K values decrease with Co
content, and they are lower than those ones related to the *Fe
sample. The addition of Co atoms modifies the crystal field sur-
rounding a particular Fe atom relative to that of a bcc environment
containing only Fe atoms. This change directly affects the spin-orbit
interaction responsible of the magneto-crystalline anisotropy en-
ergy, in this case promoting a decrement, as is reported in the lit-
erature for FegsCoss (K ~ 20 k]/m?) [4,8]. Despite being our K values
obtained slightly higher than those one reported, a correct ratio
between K-g. and Kr._c, is maintained, thus providing an adequate
estimation of the anisotropy constant values.

Once the magneto-crystalline constants have been estimated, the
measured coercivities could be analyzed. Theoretically, the coercive
field associated with isolated and homogenous magnetized NPs is
given by the limit of the magneto-crystalline anisotropic field,

k = ﬁ; i.e. Hc 2 Hg. Computing H, for 1Fe:0Co and 2Fe:1Co
samples with the K estimated values (Table 3) and the referenced M;
bulk values (140 and 240emu/g respectively), results in a
Hg(1Fe:0Co) =28400e and Hg(2Fe:1Co) =2800e. In the case of
1Fe:0Co, the Hx computed (2840 Oe) is superior to the experimental
Hc (585 Oe). Regarding this approximation applied to real magnetic
systems, an overestimation of more than one order of magnitude is
typically retrieved. This fact is usually known as the Brown’s paradox
and it is resolved considering that the defects or nanoscale im-
perfections reduces the Hy to an effective Hc [81]. In this context, a
remarkable opposite behavior is observed in our bcc Fe-Co NPs. The

measured Hc values (450 and 410 Oe for the 5Fe:1Co and 2Fe:1Co
samples, respectively), are far from the Hx=280 Oe calculated.

To understand the origin of such unusual behavior, a state-of-art
of the coercive field in bcc Fe-Co nanosized systems is reviewed as a
function of the particle size (Fig. 6). The data are also classified as a
function of the synthesis method used; that is by chemical methods
(acid media and basic media (polyol) approaches), and physical
methods (other methods). Generally, for large scalable chemical
synthesis, polyol methods seem to be adequate to synthesize larger
NP sizes than the acid media sol-gel-macromolecules approaches
[34,35], being the latter the group in which our work is framed.

Roughly speaking, two main regions can be distinguished in
Fig. 6 corresponding to the standard Hc region (full-filled symbols)
and enhanced Hc region (empty or star symbols). The standard Hc
region reflects more clearly the transition between multidomain
(MD) to single domain (SD) behaviors, with a H- maximum located
at ~20 nm NP size. Discrepancies from the theorized laws for coer-
civity size dependence (H; ~ —13% for SD and H; ~ } for MD, being [
the physical size [82]), manifest that each system can be influenced
by stress, geometry, particle interactions, presence of other phases,
etcetera. These factors may also modify the effective magnetic ani-
sotropy, and the associated coercive field, undrawing the predicted
trend theory for MD and SD behaviors. Based on this review, we
conclude that our composites with average NP sizes centered around
~21nm are mainly magnetic single domain.

Considering now the enhanced Hc region, Hc values of a few
hundred Oe are achieved for sizes higher than 20 nm. Surprisingly,
we observe a huge increase near the MD-SD transition. Particularly,
the NPs embedded within carbon matrices (star-symbols in Fig. 6)
show a higher H¢ than to other particle systems. This fact could not
be associated with the intrinsic NP shape anisotropy because such
NPs systems are generally spherical-like and no geometric order is
present among them. To the best of our knowledge, only for long-
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Fig. 6. Review of the state-of-art of some Fe-Co bcc systems with NP geometry representing the coercive field as a function of the NP size (diameter). Two regions are dis-
tinguished: enhanced coercive field (empty or star symbols) and standard coercive field (full-filled symbols) [87,88].

chains bcc Fe-Co NPs (extrinsic shape anisotropy), H- ~ 765 Oe was
reported by J. Lui et al. [8], where the long-chains are achieved by a
magnetic alignment during the sputter-based gas-condensation
synthesis.

Specifically, the only common scenario for the systems located at
the enhanced Hc region (in particular the systems indicated with a
star symbol [34,35,83] and this work), is the existence of a carbon
matrix embedding NPs and a core/shell morphology. It is well known
that the carbon matrix can play a key role on the magnetic inter-
actions between NPs. For example, in systems with tuned inter-
particle distances, M. Woinska et al. [84] reported a progressive
increment in H-  as the distance between them increased (i.e. as the
magnetic interactions are weakened). In turn, the magnetic shells
can also harden the magnetic response of ferromagnetic cores by
exchange interactions. To evaluate the roll of these two factors, low
temperature magnetic measurements are carried out (Fig. 7).

Figs. 7-al shows the magnetization as a function of temperature
measured for the 5Fe:1Co and 2Fe:1Co samples, both after zero field
cooled (ZFC) and field cooled (FC) with 100 Oe applied and field cool
field. The FC curves displays a nearly constant behavior typical of
magnetically interacting NPs, as opposed to the increasing magne-
tization value with decreasing temperature typically found in sys-
tems with isolated NPs [85]. However, the high NPs density
embedded in the diamagnetic carbon matrix should not lead to a
significatively increment of Hc. Thus, we conclude that the enhanced

and the Fe,CoO,4 shell found in our samples. In this context, the
Fe,Co0,4 possesses a constant magneto-crystalline anisotropy value
of K =37kJ/m® with a M; ~ 48emu/g [86], obtaining a high Hy
~2700 Oe. Therefore, the magnetically hard nature of the shell in our
system hardens the soft Fe-Co alloy, obtaining an optimized spring-
magnet system. A hysteresis loop is collected at 5K for the 2Fe:1Co
sample to corroborate if there are uncoupled magnetic contributions
(Fig. 7-b). Interestingly, no plateaus (“bee waist”) are observed as
happens in multi-magnetic-phases systems, specially at low tem-
peratures[48]|. Therefore, a highly effective coupling between core
and shell causes a simultaneous collective behavior for the magne-
tization reversal in each NP, demonstrating an effective spring-ex-
change interaction. This effect has been recently reported for
Fe,Co04/FeO/FeCo spring magnet composites with a high H, ~
800 0e, and M ~ 120emu/g [48]. Although they obtain a higher
coercivity, probably due from the exchange interaction of the three
materials, the renormalized M; is much higher in the systems ob-
tained in this work (Table 3).

Coming back to the Figs. 7-al, contrary to what would be ex-
pected from isolated 10nm diameter NPs with K ~25k]/m>, the
trend of MZFC does not show a clear blocking temperature (Tg)
confirming the ferromagnetic behavior observed at 300 K (Fig. 5-a).
Conversely, a nearly continuous increase in magnetization with
temperature is observed, characteristic of an assembly of blocked
particles with randomly oriented easy axes. The magnetization of

Hc must come from the exchange interaction between the Fe-Co core each particle is gradually unblocked by thermal activation
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Fig. 7. (al) ZFC (solid lines) and FC (dash lines) magnetization and (a2) first derivative difference as a function of temperature for 5Fe:1Co (black color) and 2Fe:1Co (red color)

samples. (b) Hysteresis loop acquired at 5K for the 2Fe:1Co sample.
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(depending on their size) and aligned with the magnetic applied
field, contributing to increase the net magnetization. Despite this,
the d(MZFC-MFC)/dT curves evidence two unblocking thermal-as-
sisted regions located at 50-100K and 175-250K (marked by
squares in Figs. 7-a2). These intervals are understood as a reminis-
cence of the superparamagnetic (SP) transition of some isolated Fe-
Co NPs. That is, the whole of the NPs may remain magnetically
coupled among them due to their agglomeration and thermally
stabilized by the shell-exchange, and hence showing hysteresis and
remanence still up to 300 K. The critical sizes for the thermally as-
sisted magnetization transition of isolated NPs could be estimated
relating the thermal energy and the anisotropy barrier energy as
25KgT = KV (with V the NPs volume). The clearest unblocking
window (50-100K), throws an interval of NPs diameter of d ~
11-14 nm (both for 5Fe:1Co and 2Fe:1Co). These values match per-
fectly with the PSD maximum represented in Figs. 2-a2 and confirm
a good estimation of the K values. In turn, the other thermal window
(175-250K), corresponds to d ~17-19nm indicating the super-
paramagnetic transition of isolates particles with higher sizes and
reflecting the uneven PSD contribution as is predicted by HR-TEM.

To conclude, the review of the state-of-art for the Fe-Co alloyed
systems presented in Fig. 6 reveals that the hardening of the H. may
result from a soft/hard spring-exchange interaction, particularly in
the reports indicated by a star symbol with a core/shell morphology
NPs. As a result, the main function of the carbon matrix is the par-
ticle size confinement at the nanoscale and the interparticle mag-
netic interactions through the carbon encapsulation play a less
fundamental roll. The novel easy-handle, low cost, reproducible, and
scalable synthesis method here presented, is a promising route for
obtaining spring magnet core/shell NPs composites with semi-hard
magnetic properties. Thus, we believe that this simple approach
could be extended easily to other magnetic NPs alloys embedded in a
carbon matrix with potential applicability.

4. Conclusions

In this work, we present an exploration of a synthesis approach
based on a sol-gel macromolecule-surfactant method for several
xerogels synthesized with different metal cations ratios of Fe** and
Co?* from 1:0,19:1, 5:1, 2:1 and 1:2 (Fe:Co). The Co addition impedes
the formation of the orthorhombic Pnma Fe5C structure but allows a
perfect modulation of the emerged Fe-Co bcc alloy phase that is
reflected on its lattice parameter dependence with Fe:Co ratio. A
small amount of spinel-like oxide and graphite phases are found in
every sample. The synthesized materials are constituted by Fe-Co
NPs embedded in a carbon matrix with a bimodal PSD with maxima
at ~10-20nm. They are mainly single-crystal with a core/shell
geometry of Fe-Co alloy/Co-ferrite. The electronic properties of the
Fe-Co NPs analyzed reflect a highly metallic character, with an oxi-
dation state close to 0 (<0.06 for Fe and <0.1 for Co). The magnetic
properties correspond to a semi-hard magnetic carbon composite,
displaying an elevated M of ~137 emu/g and an enhanced H¢ of
~450 Oe. The hardening is produced by a spring exchange effect
between the soft FM core and the semi-hard FM shell, combined
with a particle size close to the magnetic single domain behavior for
the most of them. The low percentage of Co-ferrite detected (~ 8%),
compared with other investigations, indicates a very effective shell
exchange coupling. The spring-exchange stabilizes NPs together
with their magnetic interparticle interactions, allowing a FM beha-
vior even at 300 K. Furthermore, a comparative magnetic analysis
with the state-of-art is carried out for our magnetic composites with
an enhanced coercive field and preserving an elevated saturation
magnetization values that could offer multifunctional properties.
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